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Abstract
The discovery of a Higgs-like particle by the ATLAS and CMS experiments at the LHC
has been a major event for particle physics. The rather precise knowledge of the mass of
the Higgs boson and of its couplings to the other Standard Model fields has important
consequences for the physical phenomena taking place at the Fermi scale of electroweak
symmetry breaking. We will analyze some of these implications in the most motivated
frameworks for physics at that scale – supersymmetry, models of a composite Higgs boson,
and the Standard Model itself.
At the same time, precision experiments in flavour physics require a highly non-generic
structure of flavour and CP transitions. This is relevant to any model of electroweak
symmetry breaking with a relatively low scale of new phenomena, motivated by natural-
ness, where some mechanism has to be found in order to keep unwanted flavour effects
under control. We will discuss in particular the consequences of the approximate U(2)3
symmetry exhibited by the quarks of the Standard Model.
The combined analysis of the indirect constraints from flavour, Higgs and electroweak
physics will allow us to outline a picture of some most natural models of physics at the
Fermi scale. This is particularly interesting in view of the forthcoming improvements in
the direct experimental investigation of the phenomena at that energies. Although non
trivially, a few models emerge that look capable of accommodating a 125 GeV Higgs
boson, consistently with all the other constraints, with new particles in an interesting
mass range for discovery at the LHC, as well as associated flavour signals.
Finally, the measurement of the last parameter of the Standard Model – the Higgs quartic
coupling – has important consequences even if no new physics is present close to the Fermi
scale: its near-critical value, which puts the electroweak vacuum in a metastable state
close to a phase transition, may have an interesting connection with Planck-scale physics.
We derive the bound for vacuum stability with full two-loop precision and use it to explore
some possible scenarios of near-criticality.
This thesis is mainly based on the work published in the papers [1–6].
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1 Introduction
In the last three decades the Standard Model of elementary particles (SM) [7–9] has
passed an impressive number of experimental tests. The precision experiments at LEP
have explored the nature of the gauge interactions with an incredibly high precision [10],
leaving little room for theories that differ significantly from the SM at energies below the
TeV scale. With the advent of the Large Hadron Collider a whole new energy range is
opening up to experimental particle physics. For the first time the Fermi scale, at which
electroweak symmetry breaking (EWSB) occurs, is being thoroughly explored. After
the first run of the LHC the Standard Model has been proven to be essentially at work
even in the multi-TeV domain: a Higgs boson – the last missing particle predicted by
the model – has been discovered [11, 12] and is showing standard-like properties through
the measurement of its interactions [13–27], while no other significative signs of new
phenomena have been observed. Needless to say, the discovery of the new particle exactly
in the range of mass allowed by the precision tests of LEP is certainly another striking
success of the theory.
Despite this enormous success, the SM as it is comes with two major theoretical issues,
which seem to point to the existence of some new physics phenomena beyond the Standard
Model (BSM) at not-too-short distances.
The observed Higgs mass of about 125 GeV fits well to the indirect prediction from the
electroweak precision tests (EWPT), but leaves open a big question: why is it so light?
For very other particle in the SM there is a symmetry protecting it to acquire a big mass
by radiative corrections, but there is no such mechanism for scalar particles, which get a
mass contribution from every scale they are coupled to, allowing them in principle to be
as heavy as the Planck mass. This very precise fine-tuning of the Higgs mass to the Fermi
scale is known as the hierarchy or naturalness problem of the Standard Model [28–32]. A
light Higgs implies a large accidental cancellation between different, in principle unrelated
physical quantities, which one wants to avoid, or at least explain by means of symmetries
in a natural theory. In this view, suitable new phenomena should then appear at a low
enough scale in order to suppress the large radiative corrections to the scalar masses.
A Higgs boson is thus a very special particle, naturally tied to the high-energy cut-
off of the theory it lives in. The measurements of its mass and its couplings allow to
get indirect informations about the short-distance physics where the Standard Model is
supposed to break down. One of the aims of this work is to try to give a picture of some
implications of the 125 GeV mass of the newly discovered Higgs boson, in the few most
motivated models of particle physics at the Fermi scale.
1
2 Introduction
The most popular solution to the hierarchy problem, enforced by the hints of a weakly
interacting BSM physics coming from EWPT, is supersymmetry (SUSY).1 In supersym-
metric extensions of the Standard Model the Higgs mass is not renormalized in the high-
energy limit where SUSY is unbroken, and is thus protected from ultraviolet (UV) ra-
diative corrections. At low energies, it gets contributions proportional to the soft SUSY-
breaking mass of each particle it couples to – in particular from the stops and the gluinos,
which have the strongest coupling to the Higgs sector. In a natural supersymmetric model
these superparners can thus not have a too large mass. At the same time, the supersym-
metric Higgs mass is a well-predicted quantity at tree-level, related to the electroweak
scale in a very precise and model dependent way. The observed value of 125 GeV is a bit
too high for a natural Minimal Supersymmetric Standard Model (MSSM), since it requires
a largish radiative contribution from the stops, and thus a sizable amount of fine-tuning.
A more complex scalar sector with at least an extra singlet (NMSSM), where the tree-
level value of the Higgs mass is larger, can instead accommodate lighter superpartners
(compatibly with direct searches) and a lower SUSY-breaking scale.
Another possible solution to the hierarchy problem is that some new strong interaction
sets in at a nearby energy scale, making the Higgs boson a composite object at that scale,
and protecting its mass from short-distance radiative corrections. In a generic strongly
interacting theory the compositeness scale would be close to the Higgs mass, being thus
in conflict with EWPT and direct searches of heavy resonances at colliders. A natural
and appealing way to describe a light composite Higgs is to consider it as a pseudo-
Nambu-Goldstone boson of some spontaneously broken global symmetry of the strong
sector [33–37]. In such a scenario the Higgs boson is significantly lighter than every
other typical composite state, in a very similar fashion to what happens for the pions
in QCD, allowing the threshold of the strong dynamics to be safely above the Fermi
scale. Here the shift symmetry of the Goldstone field is the feature that really protects
its mass from short-distance contributions. Even in that case, however, the gap between
the two scales cannot be too large in a natural theory, since radiative corrections below
the compositeness threshold still tend to push the Higgs mass towards the cut-off of the
theory. In addition to this, the measured value of 125 GeV lies close to the lower edge
of the allowed spectrum in strongly interacting models, requiring a coupling to fermion
partners which is well within the perturbative regime. This has important consequences
in particular for the flavour structure of the theory.
The knowledge of the value of the Higgs mass already tells much about the form of new
physics at the TeV scale and about its fine-tunings. More quantitative constraints come
with the measurement of the Higgs couplings, which are entering quickly in the precision
regime at the LHC. In strongly interacting models their close-to-standard values put lower
bounds on the compositeness scale [38], similarly to what EWPT do. In supersymmetry,
where more than one Higgs boson is predicted, they can be used to constrain masses and
mixings of the extra Higgs states [4, 5, 39].
The second major puzzle of the Standard Model has to do with the physics of flavour
1See chapter 7 for a list of references.
3and CP transitions. The experimental progress in the last decade has shown in a rather
spectacular way that the Cabibbo-Kobayashi-Maskawa (CKM) picture of flavour physics
in the quark sector is fundamentally at work [40, 41]. High-precision experiments in the
physics of Kaon mixing and decays, as well as in B physics, set a lower bound of several
thousands of TeV on the scale at which generic departures from the SM can appear [42].
While this is not a physical inconsistency, one wants to avoid to push the origin of flavour
into the very short-distance range for two reasons. On the one hand, for the reasons
described above, such a high scale of new physics could not be identified with a natural
scale of EWSB. On the other hand, if the origin of flavour were completely decoupled
from electroweak physics, this would leave little hope to understand the origin of the
large hierarchies exhibited by the Yukawa couplings of the Standard Model. On this basis
we are lead to consider extensions of the SM with highly non-generic flavour structures.
A possibility is to invoke a suitable flavour symmetry in order to imprint some specific
structure into the new BSM physics. Probably the best known example of this kind is the
so-called Minimal Flavour Violation (MFV) paradigm [43–45], where one assumes any
kind of new physics to be formally invariant under the full U(3)q ×U(3)u×U(3)d flavour
symmetry of the quark sector, apart from breaking terms which are taken proportional
to the SM Yukawa couplings. An important shortcoming of MFV is that the U(3)3 group
does not reflect the large hierarchies of the quark masses and mixings. A better choice is
to consider a smaller U(2)q × U(2)u × U(2)d symmetry acting on the first two families of
quarks [1]. This is a good approximate symmetry of the SM Lagrangian, broken at most
by an amount of a few times 10−2, which is the size of Vcb. A first objective of this work
is to study in detail the consequences of such a flavour symmetry in a completely model-
independent way, i.e. in an Effective Field Theory (EFT) approach. It turns out that a
theory of flavour based on a U(2)3 symmetry naturally incorporates the pattern of Yukawa
couplings of the SM, and makes predictions of new flavour and CP phenomena which are
fully consistent with the present experimental bounds and are potentially observable at
the LHC.
Remarkably, some of the most stringent constraints on models of a composite Higgs
boson, especially in view of its light mass, come from flavour physics [3]. An efficient way
to couple the SM fermions to a composite Higgs boson, and thus to the strongly interacting
sector, is to introduce a whole plethora of heavy fermionic resonances which mix with the
known elementary fermions, in what goes under the name of partial compositeness [46,47].
In this framework it is possible to suppress flavour and CP violating effects through the
small couplings of the standard fermions to the strong sector. This is a very efficient tool to
avoid dangerous effects even without relying on some particular flavour structure, but, as
we will see, even in this case there is still some strong constraint coming from experimental
bounds, especially from CP violation in the Kaon system. It will be interesting to study
the possibility to embed a flavour symmetry in specific composite Higgs models. We will
analyze both the case of U(3)3 and of U(2)3, and will compare them to the case of an
anarchic generation of flavour. A detailed analysis of all the relevant, often competing
bounds coming from flavour, from collider data, and from EWPT is carried out, in order
to get an accurate picture of which are the models of flavour consistent with a low scale
4 Introduction
of strongly interacting new physics and a Higgs mass of 125 GeV.
It is worth to notice that the observed value of the Higgs mass does not lie in the
most favorable range for either of the known natural solutions to the hierarchy problem
– supersymmetry and compositeness – requiring in both cases some additional ingredient
with respect to the simplest models in order to be in agreement with the predictions. It
must also be said that the discovered resonance looks SM-like to a good extent. Further-
more, the direct searches of new particles expected both in supersymmetry or in Higgs
compositeness performed in the first phase of the LHC has given negative results. Still,
both options are not excluded with the present experimental data. The second run of the
LHC at center-of-mass energy of 14 TeV will probably have a relevant word about the
question of whether the naturalness paradigm, in one of its declinations, is able to explain
the Fermi scale. To anticipate a possible negative outcome, one may find it interesting to
investigate the consequences of a picture where the Standard Model is assumed to hold
up to high energies, imagining that some unknown mechanism different from naturalness
explains the lightness of the Higgs. This is even more the case given the very special
value of the Higgs mass in the context of the SM itself: the observed value of 125 GeV
lies indeed remarkably close to the critical point where the quartic scalar coupling turns
negative at some high energy scale and electroweak vacuum becomes unstable [48,6]. This
near-criticality, which may be an intriguing hint of some physics at very high scales, mo-
tivates an accurate study of the higher-order corrections to the lower bound for vacuum
stability.
We will analyze the implications of a 125 GeV Higgs with standard-like couplings in
the three outlined scenarios in different parts of this thesis. In the first part we ana-
lyze the flavour problem of BSM physics in a model-independent way, using an Effective
Field Theory approach, and we show how a U(2)3 flavour symmetry may be a suitable
framework for models of new physics at the Fermi scale. In the second part we discuss
composite Higgs models, and we use the tools introduced in the previous part to inves-
tigate the relation between Higgs properties, flavour physics and EWPT. In the third
part we consider the Higgs sector of supersymmetric theories, focussing the attention in
particular on the search of the extra Higgs states which are predicted in these models. In
the last part we compute the vacuum stability bound in the Standard Model and explore
the near-criticality of a 125 GeV Higgs boson mass in the hypothesis that the SM is valid
up to a high energy scale.
2 The Standard Model of elemen-
tary particles
The Standard Model of elementary particles [7–9] is the renormalizable quantum field
theory which successfully describes all the known particles and their gauge interactions
(excluding gravity).1 Let us briefly review its main features, and see how naturalness
arguments do require new physics beyond it to appear not too much above the Fermi
scale.
2.1 The SM Lagrangian
The Lagrangian of the Standard Model can be schematically written as
L = Lg +LH +LY +Lν , (2.1)
where Lg describes the gauge interactions of vector bosons and fermions, LH is the
Higgs Lagrangian which triggers electroweak symmetry breaking,LY contains the Yukawa
interactions between the Higgs field and the fermions, which are responsible for flavour
physics in the SM, and Lν generates the small neutrino masses. Let us briefly review the
particle content of the different sectors of the theory.
Gauge sector. The electromagnetic, weak and strong interactions are described by a
gauge theory based on the symmetry group
SU(3)c × SU(2)L × U(1)Y . (2.2)
In terms of particles, this comprises all the spin-1 bosons, namely the eight gluons of the
strong interaction and four weakly coupled vector bosons. The interactions among them
are completely determined by the gauge symmetry,
Lg = −1
4
GαµνG
µν
α −
1
4
W aµνW
µν
a −
1
4
BµνB
µν , (2.3)
where Gµν , Wµν and Bµν are the field strengths associated with the various gauge fields.
1See [49] for a review.
5
6 The Standard Model of elementary particles
Chiral Weyl fermions are minimally coupled to the gauge fields,
Lf =
∑
f
iψ¯fγ
µD(f)µ ψf , (2.4)
where the covariant derivative is D
(f)
µ = ∂µ − igsGaµT (f)a − igW iµT (f)i − ig′Y (f)Bµ, T (f)α ,
T
(f)
a are respectively the SU(3)c and SU(2)L generators in the representation of the gauge
group corresponding to ψf , and Y
(f) is the hypercharge of ψf . Only the left-handed
fermions are charged under SU(2)L, while the right-handed fermions are singlets. In
the quark sector there is thus one doublet and two singlets, corresponding to the left-
and right-handed up and down quarks; analogously, in the lepton sector there is one
left-handed doublet and – if we include also the sterile right-handed neutrino – two right-
handed singlets. All the fermions come in three identical copies (generation), which differ
only in the Yukawa sector, i.e. for their masses. The whole matter content of the Standard
Model can be summarized in table 2.1.
qL uR dR `L eR νR
SU(3)c 3 3 3 1 1 1
SU(2)L 2 1 1 2 1 1
Y 1/6 2/3 -1/3 -1/2 -1 0
Table 2.1. Matter content of the Standard Model.
Electroweak symmetry breaking sector. In order to give masses to the W and Z
bosons, the full gauge symmetry of (2.3) has to be spontaneously broken. In the SM this
is achieved through the coupling of the gauge bosons to a weakly interacting doublet of
scalar fields, the Brout-Englert-Higgs field H [50–52]. The most general renormalizable
gauge-invariant Lagrangian for H is
LH = |DµH|2 − V (H), (2.5)
where
V (H) = −m
2
h
2
H†H + λ(H†H)2. (2.6)
If m2h > 0 the potential has a vacuum state with a nonzero field configuration which
breaks the electroweak gauge symmetry down to the electromagnetic U(1)em. The Higgs
field can then be written as
H =
(
χ−
(v + h+ iη)/
√
2,
)
(2.7)
where the vacuum expectation value (vev) is v ' 246 GeV. The three Nambu-Goldstone
bosons χ±, η of the spontaneous breaking are eaten-up by the combinations of gauge
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bosons W± and Z which get masses
mW =
g v
2
' 80.39 GeV, mZ = mW
cos θw
' 91.19 GeV, (2.8)
where tan θw = g
′/g is the weak mixing angle. The photon remains massless, as required
by the residual unbroken gauge symmetry. The fourth scalar degree of freedom corre-
sponds to the Higgs boson h [50]. Its mass mh = v
√
2λ is a free parameter of the theory
and has to be determined experimentally. If the particle which was recently observed at
the ATLAS and CMS experiments at the Large Hadron Collider turns out to be the Higgs
boson of the SM, its mass mh ' 125 GeV would be in perfect agreement with the indirect
bounds from the LEP data,2 and would imply a tree-level value of the quaric self-coupling
λ = m2h/2v
2 ' 0.13.
Flavour sector. The SU(2)L×U(1)Y symmetry does not allow a gauge invariant mass
term for the fermions. They must thus acquire their mass as a consequence of EWSB.
The Yukawa interaction terms between the Higgs field and the fermions can be written
as
LY =
1√
2
∑
i,j
yiju q¯
i
LH
cujR + y
ij
d q¯
i
LHd
j
R + y
ij
`
¯`i
LHe
j
R, (2.9)
where Hc = iσ2H∗ and i, j index the three generations. When H gets a vev (2.9) generates
the masses of the fermions, as well as mixings among them, plus interaction terms with
the Higgs boson h. Using the global SU(2)L invariance of (2.3) one is allowed to perform
rotations and phase redefinitions of the various fields, putting the previous Lagrangian in
the following form
LY = u¯
i
LV
†
ijmuju
j
R +mdi d¯
i
Ld
i
R +mei e¯
i
Le
i
R, (2.10)
where the Cabibbo-Kobayashi-Maskawa (CKM) matrix V is unitary, and a sum over all
the indices is understood.
Here we are neglecting the terms involving the sterile right-handed neutrinos νR, which
give rise to the small neutrino masses.
2.2 Electroweak precision observables
Starting from (2.1) one can calculate the renormalized effective action at a given en-
ergy scale, which contains all possible operators allowed by the symmetries, and includes
quantum corrections from loops. One interesting subset of these, which have been tightly
constrained by the experiments at LEP, is constituted by the transversal terms in the
vacuum polarizations of the gauge fields, i.e. the quadratic part of the effective gauge
Lagrangian. After EWSB we can parametrize it as follows
L (2)eff = −
1
2
W 3µΠ33(q
2)W 3µ −
1
2
BµΠ00(q
2)Bµ −W 3µΠ30(q2)Bµ −W+µ ΠWW (q2)W−µ . (2.11)
2See next section.
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The useful thing in this approach is that, since we are dealing with an effective low-
energy action, the form of (2.11) is independent of any high-energy completion of the
Standard Model, but the functions ΠIJ get corrections from loops involving both the SM
and – possibly – the new physics degrees of freedom. For that reason, and since the Π’s
are measured with high precision, they are an excellent tool to constrain any BSM theory,
as well as to constrain unknown SM parameters, such as the Higgs mass (before it was
measured).
Let us concentrate on the terms in (2.11) that are most sensitive to a high energy scale,
namely, as one can easily verify by power counting, the first two orders of a derivative
expansion, Π(0) and Π′(0). Some of the effective operators that we are considering were
already contained in the bare Lagrangian (2.1), so their coefficients are nothing else than
renormalized SM parameters which have to be determined by experiments. More in detail,
Π′WW (0) and Π
′
00(0) fix the normalization of the kinetic terms W
a
µνW
µν
a and BµνB
µν , i.e.
the value of the coupling constants g and g′. ΠZZ(0), in turn, is the mass of the Z
boson, which is determined in terms of v. We get two more conditions requiring that
the photon remains massless, namely Πγγ(0) = ΠγZ(0) = 0. In the end we are left with
three independent physical quantities: two Π′’s and one Π, which can be parametrized as
follows,
Tˆ =
Π33(0)− ΠWW (0)
m2W
, Sˆ =
g
g′
Π′30(0), Uˆ = Π
′
33(0)− Π′WW (0). (2.12)
Four other parameters appear at the next order in q2,
Vˆ =
m2W
2
(Π′′33(0)− Π′′WW (0)) , Wˆ =
m2W
2
Π′′33(0),
Xˆ =
m2W
2
Π′′30(0), Yˆ =
m2W
2
Π′′00(0),
(2.13)
all of which are determined in the SM, but are experimentally less tightly constrained
than the previous ones.
One-loop diagrams involving the exchange of a Higgs particle correct the Sˆ and Tˆ
parameters by an amount
δSˆ ' GFm
2
W
12
√
2pi2
log (mh/µ) , δTˆ ' −3GFm
2
W
4
√
2pi2
tan2 θw log (mh/µ) . (2.14)
Note that the Tˆ parameter vanishes in the limit where the custodial symmetry SU(2)L ×
SU(2)R is exactly respected and the relation m
2
W = m
2
Z holds. A best fit to these quan-
tities from all the LEP, Tevatron and LHC measurements, shown in figure 2.1, yields a
prediction for the Higgs mass of [53]
mh = 94
+25
−22 GeV, mh < 163 GeV at 95% C.L. (2.15)
which is in good agreement with the measured value of about 125 GeV.
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Figure 5: Experimental constraints on the S and T parameters with respect to the SM reference
(MH,ref = 126GeV and mt,ref = 173GeV). Shown are the 68%, 95% and 99% CL allowed regions, where
the third parameter U is left unconstrained (a) or fixed to 0 (b). The prediction in the SM is given by
the black (grey) area when including (excluding) the MH measurements.
experimental constraints on S, T, U can be compared now to specific NP model predictions.
Since the oblique parameters are found to be small and consistent with zero, possible NP models
may only affect the electroweak observables weakly.
6 Prospects of the SM fit for a future e+e− collider
The SM leaves many questions open which can only be addressed by BSM physics, which is
expected to play a role at the electroweak scale of O(1) TeV. So far no direct signs of new
physics have been observed at the LHC and also the SM shows good self-consistency at the
loop-level up to very high precision. A future e+e− facility would help tremendously to precisely
measure the production mechanisms and branching ratios of the Higgs boson. Furthermore, it
would allow for precise measurements of the EWPO, such as mt, sin
2θ￿eff , R
0
￿ andMW , to further
assert the validity of the SM through the electroweak fit.
In the following we study the impact of expected EWPO measurements on the SM elec-
troweak fit assuming the design parameters and predicted precisions obtained for the Interna-
tional Linear Collider (ILC) with the GigaZ option [30–32]. This study aims at a comparison
of the accuracies of the measured and predicted electroweak observables. Two scenarios are
considered. In the first scenario the central values of the input observables are chosen to agree
with the SM prediction for a Higgs mass of 125.8 GeV according to the present measurement.
In the second scenario it is assumed that the central value of the SM prediction for MH does
not change and all SM parameters are chosen to agree with MH = 94 GeV.
Total experimental uncertainties of 6MeV for MW , 13 · 10−5 for sin2θ￿eff , 4 · 10−3 for R0￿ , and
100 MeV for mt (interpreted as pole mass) are assumed [31]. The exact achieved precision on
the Higgs mass is irrelevant for this study. For the hadronic contribution to the running of the
QED fine structure constant at the Z pole, ∆α
(5)
had(M
2
Z), an uncertainty of 4.7 ·10−5 is assumed,c
compared to the currently used uncertainty of 10 · 10−5 [24]. The other input observables to the
electroweak fit are taken to be unchanged from the current settings.
The most important theoretical uncertainties in the fit are those affecting the MW and
sin2θ￿eff predictions arising from unknown higher-order corrections. We assume in the following
that theoretical developments have led to improved uncertainties of only half the present values,
c The uncertainty on ∆α
(5)
had(M
2
Z) will benefit below the charm threshold from the completion of BABAR
analyses and the ongoing program at VEPP-2000. At higher energies improvements are expected from charmonium
resonance data from BES-3, and a better knowledge of αS from the R
0
￿ measurement and reliable lattice QCD
predictions [33].
igure 2.1. Experimental cons rai ts on the S and T pa ame ers with respect to the SM
reference (mh,ref = 126 GeV and mt,ref = 173 GeV) from [ 3]. Shown are the 68%, 95% and
99% C.L. allowed regions, where the third parameter U is left unconstrained (left) or fixed to 0
(right). The prediction in the SM is given by the black (grey) area when including (excluding)
the mh measurements.
Suppose now that some new physics beyond the Standard Model is present at an
energy scale ΛNP. Again in an effective field theory approach, the exchange of these UV
degrees of freedom will generate non-renormalizable corrections to the Lagrangian (2.1),
L = LSM +
∑
i
ci
Λdi−4NP
Oi, (2.16)
where Oi are operators of dimension di. These new operators, in turn, will contribute
to the parameters Sˆ, Tˆ , Uˆ , Vˆ , Wˆ , Xˆ, Yˆ , and from the experimental constraints on these
contributions we can set a lower bound on the scale ΛNP of new physics. Just as an
example, we give here the form of the operators contributing to the parameters Sˆ and Tˆ ,
OH = |H†DµH|2 =⇒ ∆Tˆ = − 2
g2
m2W
Λ2NP
cH , (2.17)
OWB = gg′(H†σaH)W aµνBµν =⇒ ∆Sˆ = 4
m2W
Λ2NP
cWB. (2.18)
2.3 The hierarchy problem: is Nature natural?
In the SM, the mass terms for vectors and fermions are forbidden by the SU(2)L × U(1)Y
gauge symmetry. Since they have to vanish in the limit where the symmetry is unbroken,
they are all proportional to the vev. This is true not only at tree level (where mW = gv/2,
mt = λtv/
√
2, . . . ) but at any order in perturbation theory, beacuse the renormalization
procedure preserves all the symmetries. The size of any loop correction is thus controlled
by the tree-level masses. We say that gauge boson masses and fermion masses are pro-
tected, i.e. the point m = 0 is stable under radiative corrections. For fermions the same
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.
property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.
The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get
βm2h =
dm2h
d log µ¯
=
3m2h
8pi2
(
2λ+ y2t −
3g2
4
− g
′2
4
)
, (2.19)
i.e. the running of the mass parameter m2h is proportional to itself. This is true in the
pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ΛNP > ΛSM, where ΛSM ' 4pimW
is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ≈ ΛNP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.
To make the statement more precise, let us calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get
δm2h = Re Πhh|p2=m2h =
y2
2(4pi)2
Re
[
∆ + (m
2
h − 4M2)B0(mh;M,M)− 2A0(M)
]
=
y2
2(4pi)2
(
∆ + (6M
2 −m2h) log
m2h
µ¯2
+ f(mh,M)
)
, (2.20)
where ∆ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ¯ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2h,M
2) in (2.20) is unphysical since it does not depend on µ¯ and it can be subtracted
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together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass differences between different scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as
βm2h =
dm2h(µ¯)
d log µ¯
=
y2
(4pi)2
(m2h − 6M2) + · · · . (2.21)
The renormalization group running thus generates a mass term mh ≈ M2, even if one
sets this term to zero at a given scale, if the running is done over a sufficiently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ΛNP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ΛNP and ΛSM then reads
m2h(ΛSM) ' m2h(ΛNP)−# Λ2NP log
ΛNP
ΛSM
. (2.22)
where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ΛNP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ΛNP.
This can better be formalized in terms of the amount of fine-tuning
∆ =
d logm2h(ΛSM)
d logm2h(ΛNP)
∝ Λ
2
NP
m2h(ΛSM)
, (2.23)
which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ΛNP to be, say, of the order of the Planck scale, then we get ∆ ∼ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(ΛNP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.
A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an effective field theory (EFT), valid up to the maximum energy scale ΛNP. Its La-
grangian can then be written in the form
LSM,eff =
∑
i
Ci(µ¯)Λ
4−di
NP Oi, (2.24)
where the Oi are operators of dimension di and Ci(µ¯) are their Wilson coefficients, which
in an effective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor Λ2NP. If the cut-off scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coefficient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-off in (2.24) seems to be preferred by the experimental
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constraints on the operators of dimension greater than four, as in (2.16). We will discuss
this issue in detail in the next chapters.
There are different approaches one can take to face the hierarchy problem. If the
Standard Model were a complete description of Nature, and no new phenomena appear
at any energy, then there would be no hierarchy problem at all. The Higgs mass is not
predicted in the SM, as every other parameter in the Lagrangian, and its renormalized
value is arbitrary and has to be determined by experiments: there is no reason to set the
input for the renormalization group running at some high scale. However, usually one
prefers to view the SM as an effective field theory valid in a limited energy range. After
all, we know that some new physics has to appear at least at the Planck scale, where
quantum gravity effects are expected to become important. Moreover, there are many
indirect hints of new physics at high energies coming from dark matter observations,
the baryon asymmetry in the Universe, the smallness of neutrino masses, the Yukawa
hierarchies in flavour physics, and so on.3 This of course does not automatically mean
that the coupling of the Higgs boson to all of those new degrees of freedom must lead
to the quadratic corrections that we estimated in (2.22). A possible scenario could be
that the Higgs mass is protected from quantum gravity effects through some unknown
mechanism, while any other phenomenon below the Planck scale is sufficiently decoupled
from the Standard Model to make its correction irrelevant [54].
Another possibility is to ignore the hierarchy problem and accept a fine tuned Standard
Model; after all, fine-tunings do exist elsewhere in Nature.4 In that case one has to find
some guideline other than naturalness to go beyond the SM. The near-criticality of the
Higgs boson quartic coupling and of its beta-function may be an intriguing possibility in
this direction.
If one insists with naturalness, still viewing the Standard Model as an effective field
theory, then one has to conclude that new (BSM) physics has to appear at the TeV scale.
The models that describe these new phenomena can be divided into two classes, depending
on whether they are strongly coupled or weakly coupled.
• Among weakly interacting theories beyond the Standard Model the main candi-
date is certainly supersymmetry. The non-renormalization theorem causes all the
quadratic divergences to cancel out exactly above the scale Λsoft of supersymmetry-
breaking sparticle masses. The main corrections to the Higgs mass thus come from
SM loops, cut-off approximately at that scale, which are proportional to Λ2soft.
• In composite models the Higgs boson is a resonance of some new strongly interacting
sector. Since it makes no sense to speak about the Higgs particle above its compos-
iteness scale, it is automatically protected from Planck-scale radiative corrections.
We will see in the following that, again because of the SM quantum corrections, a
natural compositeness scale has to lie somewhere in the TeV range.
3One could include in the list also inflation and the cosmological constant, which are related to two
other enormous fine-tuning problems.
4The binding energy of the deuteron, ∆ED ' 2 MeV, is fine-tuned to some few percent.
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3 Flavour physics beyond the Stan-
dard Model
Some of the most precise measurements in elementary particle physics concern flavour
changing processes, namely transitions between different generations of quarks and lep-
tons, and CP violating observables. In the Standard Model all the flavour and CP pro-
cesses in the quark sector are governed by one single unitary matrix – the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [55, 56]. High-precision experiments at colliders and
heavy flavour factories have shown that the CKM picture is correct with a 20–30% accu-
racy for a large number of observable processes [40,41].
Thus, if one wants to extend the SM at the TeV scale, the new physics cannot have an
arbitrary flavour structure, since its effects in low energy flavour and CP processes would
spoil the SM predictions. This is true, for instance, both for supersymmetric and strongly
interacting models.
Moreover, the Yukawa couplings of the SM – which are responsible for quark mixings
and CP phases – present a very evident hierarchical structure, which may be generated by
some more fundamental underlying mechanism. At present no concrete theory of flavour
explaining the dynamical mechanism which generates the Yukawa patterns, being fully
consistent with precision bounds on flavour observables, is known. Nevertheless, a handful
of useful parametrizations and extensions of the CKM picture exist, which may give some
insight on the origins of flavour physics.
In this chapter we adopt an effective theory point of view to parametrize all the possible
flavour and CP operators that may arise in a BSM theory. We show also the most relevant
experimental bounds on the scale of generic new physics coming from flavour observables.
We review the CKM structure of the Standard Model, and the Minimal Flavour Violation
paradigm, which is its minimal extension. We consider, here and in the following, mainly
the quark sector, with some minor remark about the lepton sector when useful.
3.1 Effective flavour operators
From the point of view of an effective field theory, any high-energy extension of the
Standard Model which preserves its gauge group (2.2) can be described by a set of effective
operators of dimension greater than four. New physics contributions to operators of lower
dimension are not relevant since they can be reabsorbed in a renormalization of the SM
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couplings.
Let us consider the generic effective Lagrangian
Leff = −Heff =
∑
i
1
Λ2i
Ci(µ)Oi, (3.1)
where µ is the renormalization scale. Requiring gauge invariance, and the conservation of
baryonic and leptonic numbers, the operators which contribute to each possible qi ↔ qj
flavour transition can be classified in the following way:
• ∆F = 2 operators contribute to heavy meson mixings
Q1 = (q¯LiγµqLj)(q¯LiγµqLj), Q′1 = (q¯RiγµqRj)(q¯RiγµqRj), (3.2)
Q2 = (q¯RiqLj)(q¯RiqLj), Q′2 = (q¯LiqRj)(q¯LiqRj), (3.3)
Q3 = (q¯αRiqβLj)(q¯βRiqαLj), Q′3 = (q¯αLiqβRj)(q¯βLiqαRj), (3.4)
Q4 = (q¯RiqLj)(q¯LiqRj), Q5 = (q¯αRiqβLj)(q¯βLiqαRj); (3.5)
• four-quark ∆F = 1 operators contribute to hadronic heavy meson decays
Ok1 = (q¯LiγµqLj)(q¯LkγµqLk), O′k1 = (q¯RiγµqRj)(q¯RkγµqRk), (3.6)
Ok2 = (q¯αLiγµqβLj)(q¯βLkγµqαLk), O′k2 = (q¯αRiγµqβRj)(q¯βRkγµqαRk), (3.7)
Ok5 = (q¯LiγµqLj)(q¯RkγµqRk), O′k5 = (q¯RiγµqRj)(q¯LkγµqLk), (3.8)
Ok6 = (q¯αLiγµqβLj)(q¯βRkγµqαRk), O′k6 = (q¯αRiγµqβRj)(q¯βLkγµqαLk), (3.9)
and in addition to these, in principle there are also operators with scalar and tensor
Lorentz structure, such as (q¯LiqRj)
2 or (q¯LiσµνqRj)
2;
• magnetic and chromomagnetic ∆F = 1 operators contribute to qi → qjγ transitions
O7γ = mj(q¯LiσµνqRj)eF µν , O′7γ = mi(q¯RiσµνqLj)eF µν , (3.10)
O8g = mj(q¯LiσµνqRj)gsGµν , O′8g = mi(q¯RiσµνqLj)gsGµν ; (3.11)
notice that operators proportional to ∂µF
µν and ∂µG
µν can also be present;
• the following ∆F = 1 operators contribute to semi-leptonic heavy meson decays
Ok9 = (q¯LiγµqLj)(¯`Lkγµ`Lk), O′k9 = (q¯RiγµqRj)(e¯RkγµeRk), (3.12)
Ok10 = (q¯LiγµqLj)(e¯RkγµeRk), O′k10 = (q¯RiγµqRj)(¯`Lkγµ`Lk), (3.13)
plus scalar and tensor operators as before;
• the following ∆F = 1 operators contribute to Z → didj after EWSB
OH = (q¯LiγµqLj)(H†DµH), O′H = (q¯RiγµqRj)(H†DµH). (3.14)
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Moreover we will consider also the following flavour-diagonal operators which give rise to
(chromo-)electric and (chromo-)magnetic dipole moments of the quarks
Od7γ = mq(q¯LσµνqR)eF µν , Od8g = mq(q¯LσµνqR)gsGµν . (3.15)
Lorentz structures different than the previous ones can be obtained through Fiertz identi-
ties. We will specify them in the particular cases where a distinction between the various
forms has to be made.
Many of these operators are generated also in the SM itself, with a typical scale ΛSM ∼
G
−1/2
F and Wilson coefficients Ci that are fully predicted in terms of the renormalizable
SM couplings. Flavour bounds on a given model of new physics are then set in the
following way: one has to calculate the SM and BSM contributions to the relevant Wilson
coefficients at the scale µexp where the measurements are done, and impose that the total
contribution to the physical amplitude agree with the experimental data.
As we will see in the next section, it turns out that contributions from the SM alone are
consistent with experiments – with few tensions of significance less that 3σ – in all known
cases. Assuming that there is no particular suppression of new physics contributions,
there are very stringent lower bounds on the scale Λ, in some cases of several thousands
of TeV. This is known as the flavour problem of BSM models.
3.2 The CKM picture
In the Standard Model the only sources of flavour violation are the Yukawa couplings
between fermions and the Higgs field, described by the Lagrangian (2.9), or (2.10) where
the CKM matrix is made explicit rotating the down quark fields to the mass basis. One
can further rotate also the left-handed up quarks uiL → V †ijujL in order to obtain, after
EWSB, the Lagrangian for the physical mass eigenstates
L =
∑
i=u,c,t
muiu¯
i
Lu
i
R +
∑
i=d,s,b
mdi d¯
i
Ld
i
R + gW
+
µ u¯
i
LVijγ
µdjL + h.c.+ · · · , (3.16)
where the dots indicate other flavour diagonal terms. Now the Yukawa couplings are
completely diagonal and proportional to the quark masses, while the only source of flavour
violation is the charged-current interaction. Notice that, as flavour violation in the gauge
sector comes uniquely from rotations of the quark fields, all the neutral currents remain
flavour diagonal. Moreover, in the limit where the small neutrino masses are neglected,
there are no flavour transitions in the lepton sector, since there is only one Yukawa matrix
which can be diagonalized redefining the fields `L and eR.
The independent parameters of the flavour sector – apart from the quark masses – are
three angles and one CP phase, and are all contained in the CKM matrix V . Indeed V
is a 3× 3 unitary matrix and thus contains 9 parameters, of which 3 are rotation angles
and 6 are phases. Redefining the phases of the six up- and down-type quarks, imposing
conservation of the baryon number, one can eliminate 5 of these phases, remaining with
one single physical phase. Thus, in the Standard Model one has the following well known
results
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W W
Vik V
∗
jk
VikV
∗
jk
qi qj
q¯iq¯j
qk
q¯k W
γ
Vik V
∗
jk
qi qj
qk qk
Figure 3.1. Two examples of Feynman diagrams contributing respectively to ∆F = 2 (left)
and ∆F = 1 (right) FCNC in the Standard Model.
• flavour transitions at tree-level are present only in charged-current interactions of
quarks; flavour-changing neutral currents (FCNC) are generated only at loop-level;
• all the flavour effects are proportional to the CKM matrix V ;
• all the CP violating effects depend on one single phase, the Jarlskog invariant J =
Im(VudV
∗
usVtsV
∗
td).
A standard parametrization of the physical quantities of the CKM matrix – which
differs from the one that we choose e.g. in (4.17) – is the Wolfenstein parametrization
VCKM =
 1− λ22 λ Aλ3(ρ− iη)−λ 1− λ2
2
Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
 , (3.17)
where λ is the sine of the Cabibbo angle, and the relative size of the various entries is
clear.
The flavour operators Oi introduced in the previous section are generated at one
loop in the SM, and since the exchange of at least one charged W is involved, they are
always suppressed by factors of the small off-diagonal entries of the CKM matrix. All the
relevant contributions come from box diagrams and penguin diagrams of the type shown
in figure 3.1. The one-loop effective Hamiltonians for the most relevant processes can be
written as (see e.g. [57])
∆H box∆S=2 =
G2Fm
2
W
16pi2
∑
i,j=c,t
ξiξjS0(µi, µj)Q1, (3.18)
∆H boxs→dνν¯ =
GF√
2
α
2pi sin2 θw
∑
q=c,t
(−4ξqB0(µi))Oν9 , (3.19)
∆H boxs→dµ+µ− =
GF√
2
α
2pi sin2 θw
∑
q=c,t
ξqB0(µi)Oµ9 , (3.20)
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∆H penguins→dZ =
GF√
2
e
2pi2
m2Z
cos θw
sin θw
∑
q=c,t
ξqC0(µi)(s¯LγµdL)Z
µ, (3.21)
∆H penguins→dγ =
GF√
2
e
8pi2
∑
q=c,t
ξqD0(µi)(s¯LγνdL)∂µF
µν , (3.22)
∆H penguins→dg =
GF√
2
gs
8pi2
∑
q=c,t
ξqE0(µi)(s¯
α
LγνT
a
αβd
β
L)∂µG
µν
a , (3.23)
where ξq = VqsV
∗
qd, µi = mi/mW , and where analogous expressions for b→ s, d and c→ u
transitions hold. In the b→ s, d cases also the operators O7γ and O8g are generated,
∆H ′penguinb→qγ =
GF√
2
1
8pi2
∑
i=c,t
ξ˜iD
′
0(µi)O7γ, ∆H ′penguinb→qg =
GF√
2
1
8pi2
∑
i=c,t
ξ˜iE
′
0(µi)O8g, (3.24)
where now ξ˜i = VibV
∗
iq. The functions S0, B0, C0, D0, E0, D
′
0, E
′
0 come from the loop
integrals, and their values are given in appendix A.
Depending on the process that one actually considers, some of the terms in (3.18)–
(3.24) will dominate over the others because of the hierarchies of the CKM and the quark
masses. Additional suppressions often arise when one considers the imaginary parts of
the amplitudes, which lead to CP violation, since the result in this case has always to be
proportional to the rephasing-invariant combination J .
The effective vertices given above are all in terms of the elementary quark states.
Going from these expressions to the physical amplitudes for meson mixings and decays
is often a very nontrivial task, since QCD corrections in the non-perturbative regime
have to be taken into account. There are nevertheless a few clean processes where these
corrections cancel out, or are under control.
In figure 3.2, a global fit to the CKM parameters, using the constraints from all
relevant flavour processes, shows the good agreement of the data with the SM predictions.
A small tension between the measure of sin(2β) from B decays and the constraint from
K is nevertheless present at the level of about 2σ [58–63].
3.3 Bounds from flavour and CP observables
If one looks at the previous equations, it is clear why the bounds on new physics coming
from flavour observables are so strong. If one assumes all the coefficients to be of order
one, the ratios (Λ2iGF )
−1 has to be small enough to reproduce the large suppression factors
proportional to the CKM matrix, even if one only requires the new physics contributions
to be comparable with the SM ones. Notice that however for many observables – when the
QCD corrections are under control – the bounds are much more stringent than this naive
estimate, since both the theoretical and the experimental uncertainties are very small.
If, on the other hand, one wants to keep the scale Λ in the few-TeV range, there must
be some mechanism at work which suppresses the coefficients Ci in a similar way to what
happens in the SM.
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Figure 3.2. Fit to the parameters ρ and η from CKMfitter [40]. The red hashed region of the
global combination corresponds to 68% C.L. The right panel is a zoom on the best fit region.
Let us work out some exemplificative bounds from CP violation in ∆F = 1, ∆F = 2
and flavour conserving observables.
3.3.1 Direct CP violations in K decays: ′
Direct CP violation in the K → pipi decays is described by the ′ parameter, which comes
from the interference of two different amplitudes and is defined as
′ =
1
3
(A(KL → pi+pi−)
A(KS → pi+pi−) −
A(KL → pi0pi0)
A(KS → pi0pi0)
)
. (3.25)
The dominant contribution to ′ reads∣∣∣∣′
∣∣∣∣ ' |ImA2|√2 || ReA0 , (3.26)
where AI = A(K → (pipi)I), I being the isospin of the pipi pair, and  indicates the indirect
CP violation parameter in K-K¯ mixing.
The strongest bound in most concrete models is on the operators
∆L ∆S=14f,LR =
1
Λ2
(Cd5Od5 + Cu5Ou5 + Cd6Od6 + Cu6Ou6 ) + h.c., (3.27)
where
Oq5 = (d¯LγµsL)(q¯RγµqR), Oq6 = (d¯αLγµsβL)(q¯βRγµqαR), q = u, d. (3.28)
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Using 〈(pipi)I=2|Oui +Odi |K〉 ' 0 from isospin conservation and neglecting contributions
from other operators, assuming them to be subleading, we obtain
ImA2 = 1
Λ2
[(
Cd5 − Cu5
) 〈(pipi)I=2|Od5|K〉+ (Cd6 − Cu6 ) 〈(pipi)I=2|Od6|K〉] . (3.29)
From [64] we have at the scale µ = mc
〈(pipi)I=2|Od5|K〉 ' −
1
6
√
3
(
m2Kρ
2 −m2K +m2pi
)
fpiB
(3/2)
7 (mc),
〈(pipi)I=2|Od6|K〉 ' −
1
2
√
3
(
m2Kρ
2 − 1
6
(m2K −m2pi)
)
fpiB
(3/2)
8 (mc), (3.30)
where ρ = mK/ms. In the following we set B
(3/2)
7 (mc) = B
(3/2)
8 (mc) = 1.
The coefficients C
(3/2)
i = C
d
i − Cui at the low scale mc read in terms of those at the
high scale Λ [65]
C
(3/2)
5 (mc) = η5C
(3/2)
5 (Λ),
C
(3/2)
6 (mc) = η6C
(3/2)
6 (Λ) +
1
3
(η6 − η5)C(3/2)5 (Λ), (3.31)
where
η5 =
(
αs(Λ)
αs(mt)
) 3
21
(
αs(mt)
αs(mb)
) 3
23
(
αs(mb)
αs(mc)
) 3
25
' 0.82 ,
η6 =
(
αs(Λ)
αs(mt)
)− 24
21
(
αs(mt)
αs(mb)
)− 24
23
(
αs(mb)
αs(mc)
)− 24
25
' 4.83 (3.32)
for Λ ' 3 TeV.
Requiring the extra contribution from ∆L 4f,∆S=1L to respect the experimental bound
|′/| < |′/|exp ' 1.7× 10−3, we obtain
Cu,d5 . 6× 10−6 Λ2 TeV−2, Cu,d6 . 2× 10−6 Λ2 TeV−2. (3.33)
The same analysis can be repeated for the operators with exchanged chiralities O′q5 and
O′q6 , thus the same bounds hold for their coefficients C ′q5,6. If one assumes all Wilson
coefficients to be of order one, (3.33) can be expressed as a lower bound on the scale Λ of
the order of
Λ & 103 TeV. (3.34)
Also the s→ d chromomagnetic dipole
∆L ∆S=1mag =
ms
Λ2
CK8g
(
d¯LσµνT
asR
)
gsG
a
µν (3.35)
contributes to ′. Following the analysis in [66], one obtains the bound
CK8g . 4× 10−4 Λ2 TeV, (3.36)
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Operator Bounds on Λi [TeV] (Ci = 1) Bounds on Ci (Λ = 1 TeV) Observables
Re Im Re Im
QK1 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK , K
QK4 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK , K
QD1 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD, φD
QD4 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD, φD
QBd1 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd , SψKS
QBd4 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd , SψKS
QBs1 1.1× 102 7.6× 10−5 ∆mBs
QBs4 3.7× 102 1.3× 10−5 ∆mBs
Table 3.1. Main bounds on the coefficients of ∆F = 2 operators (from [42]).
which is somewhat weaker than the one on four-fermion operators.
Taking into account the uncertainties in the estimate of the SM contribution to ′/,
which could cancel against a new physics contribution, as well as the uncertainties in the
Bi parameters, this bound might perhaps be relaxed by a factor of a few.
1
3.3.2 Indirect CP violation in ∆F = 2 observables
Indirect CP violation in the K0, B0s,d and D
0 systems comes from the superposition of
two states of opposite CP in the mixing.
The operators contributing to ∆F = 2 observables are listed in (3.2)–(3.5). Let us
consider the most relevant ones, namely the left-left operators which arise also in the
SM, and the left-right operators which are enhanced by a chirality factor. The effective
Lagrangian in this case is
∆L ∆F=2 =
C1
Λ21
Q1 + C4
Λ24
Q4 + C5
Λ25
Q5. (3.37)
The mass differences ∆mK , ∆mB, ∆mD set a bound on the real part of the Wilson
coefficients, while the imaginary part is constrained by CP-violating parameters such as
K for the K
0 system, or SψK for the Bd system.
In table 3.1 we collect the bounds on new physics in ∆F = 2 observables as reported
in [42]. If one assumes Wilson coefficients of order one, the bounds on the scales Λi
are everywhere greater or of the order of 103 TeV; in the particular case of the chirality
enhanced operator QK4 the measure of K requires Λ4 to be even greater than 105 TeV.
1Note that in Supersymmetry the heaviness of the first generation squark circulating in the box loop
suppresses the coefficients cu,d5 and c
u,d
6 .
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3.3.3 Electric dipole moment of the neutron
The presence of phases in flavour-diagonal chirality breaking operators has to be consistent
with the limits coming from the neutron electric dipole moment. The relevant contraints
come from the CP violating contributions to the operators
∆L ∆F=0mag =
1
Λ2
[
c˜gue
iφ˜gumu(u¯LσµνT
auR) + c˜
g
de
iφ˜gdmu(u¯LσµνuR)
]
gsG
µν
a
+
1
Λ2
[
c˜γue
iφ˜γumd(d¯LσµνT
adR) + c˜
γ
de
iφ˜γdmd(d¯LσµνdR)
]
eF µν + h.c. , (3.38)
where we have made all the phases explicit. In terms of the coefficients of (3.38), the
up and down quark electric dipole moments (EDM) and chromoelectric dipole moments
(CEDM), defined as in [67], are
dq = 2e
mq
Λ2
c˜γq sin(φ˜
γ
i ), d˜q = 2
mq
Λ2
c˜gq sin(φ˜
g
q), q = u, d. (3.39)
The contribution to the neutron EDM reads [67]
dn = (1± 0.5)
(
1.4(dd − 14du) + 1.1e(d˜d + 12 d˜u)
)
, (3.40)
where all the coefficients are defined at a hadronic scale of 1 GeV.
Taking into account the renormalization-group evolution between 3 TeV and the
hadronic scale, the 90% C.L. experimental bound |dn| < 2.9 × 10−26 e cm [68] implies
for the parameters at the high scale
c˜γu sin(φ˜
γ
u) . 1.9× 10−2
(
Λ
3 TeV
)2
, c˜γd sin(φ˜
γ
d) . 2.4× 10−3
(
Λ
3 TeV
)2
, (3.41)
c˜gu sin(φ˜
g
u) . 7.1× 10−3
(
Λ
3 TeV
)2
, c˜gd sin(φ˜
g
d) . 1.8× 10−3
(
Λ
3 TeV
)2
. (3.42)
3.4 Flavour symmetries
The flavour problem, as discussed in the previous discussion, can be summarized as follows.
If one describes possible deviations from the CKM picture by a phenomenological effective
Lagrangian of the form (3.1) with generic flavour structure, in several cases the lower
bounds on the scales Λi are above thousands of TeV. If one interprets this result as due to
a very short-distance origin of flavour phenomena, with no expected deviation from the
CKM picture close to the Fermi scale, this constitutes a problem for natural theories of
EWSB beyond the SM. Moreover, with flavour physics originating at such a high scale, it
would probably be very difficult to provide a testable explanation of the pattern of quark
masses and mixings.
This is not, however, a necessity. It is for example conceivable that the success of
the CKM picture be due to the existence of a suitable flavour symmetry, appropriately
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broken in some definite direction, keeping under control the coefficients in front of every
operator in (3.1). An ideal situation would be one such that the effective Lagrangian
Leff =
∑
i
ciξi
Λ2NP
Oi + h.c. (3.43)
is compatible with current data, where ξi are small parameters controlled by the flavour
symmetry and otherwise ci are O(1) coefficients. With ΛNP sufficiently close to the Fermi
scale, this might leave room for new observable flavour phenomena. Such effects would
indeed be very welcome in most extensions of the SM in the EWSB sector and, if observed,
might help to shed light on a possible theory of flavour.
3.4.1 Minimal Flavour Violation
An example largely studied in the literature is represented by the hypothesis of Minimal
Flavour Violation (MFV), based on the invariance of the quark Lagrangian under the full
U(3)q × U(3)u × U(3)d flavour group of the quark sector of the Standard Model [43–45].
In the limit where this symmetry is exact, no flavour violating terms are allowed at all,
whether in the higher dimensional operators of (3.1), nor in the SM Yukawa sector.
In order to reproduce the observed quark mixings of the CKM matrix, the flavour
symmetry has to be broken. The MFV paradigm consists in the following assumptions:
• the SM Yukawa couplings yˆu and yˆd are the only effective sources of flavour violation,
even when the short distance contributions from Leff are taken into account;
• if the flavour-breaking terms are treated as spurions transforming in suitable repre-
sentations of U(3)3, the effective operators in Leff are the most generic functions of
the fields and the Yukawa couplings that can be constructed in a way compatible
with the flavour symmetry.
The consequence of this approach is that the Wilson coefficients of the effective operators
Oi are suppressed by suitable powers of the CKM matrix, exactly like in the Standard
Model. Of course the exact value of the new physics contributions is not determined
in terms of the SM couplings, but their size will in general be comparable with the SM
contributions, apart from a loop factor.
In order to reproduce the Yukawa structure (2.9) of the SM, it is clear that the spurions
must transform under U(3)q × U(3)u × U(3)d as
Yˆu ∼ (3, 3¯,1), Yˆd ∼ (3,1, 3¯). (3.44)
A drawback of the MFV approach is the fact that the full U(3)3 flavour group is not a
good symmetry of the Standard Model, being badly broken at least by the order 1 top
Yukawa coupling. As a consequence, when trying to construct flavour-violating effective
operators in terms of Yˆu, Yˆd one can not perform an expansion in the spurions, and one
has to consider arbitrary powers of at least the flavour-invariant combination YˆuYˆ
†
u . In
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models with more than one Higgs doublet, if the ratio of the vacuum expectation values
of the fields coupled to the up- and down-type quarks tan β is large, also the bottom
Yukawa coupling yb becomes a relevant breaking parameter, and powers of YˆdYˆ
†
d have to
be included in the effective operators as well.
One can choose a basis for the quark fields where the spurions take the form
Yˆu = V
†
0 Yˆ
diag
u , Yˆd = Yˆ
diag
d , (3.45)
where V0 is a unitary matrix dependent on one single phase.
2 Therefore the CKM phase
is the only source of CP violation if no new phase is born outside of Yˆu or Yˆd. The powers
of YˆuY
†
u in this basis reduce to
(YˆuYˆ
†
u )
n =
(
V0|Yˆ diagu |2V †0
)n ≈ V0I3V †0 , (YˆdYˆ †d )n = |Yˆ diagd |2n, (3.46)
with I3 = diag(0, 0, 1). To determine the relevant flavour-violating operators one has to
reduce the kinetic terms to canonical form and the mass matrices to real diagonal form.
In turn this depends on the value of tan β, which determines the need to include or not
powers of YˆdYˆ
†
d in the effective operators. For moderate tan β the most generic flavour-
changing quark bilinears which are formally U(3)3-invariant and can be built in terms of
the spurions, in the physical basis, have the approximate form (i, j = d, s, b):
d¯Lσµν
(
V †I3V Yˆ diagd
)
dR ' yb ξij d¯iLσµνdjR, d¯Lγµ
(
V †I3V
)
dL ' ξij d¯iLγµdjL, (3.47)
where ξij = V
∗
tiVtj, V is the CKM matrix. Similar equations can be derived for the up-type
quarks.
The relevant ∆S,∆B = 2 operators, which come from the contraction of two bilinears
of (3.47) and are all of the form Q1, are thus suppressed by a factor ξ2ij, which is exactly
the suppression of the SM contributions with the exchange of a top quark in the loop.
Analogously, ∆S,∆B = 1 operators are proportional to ξij, which again is the suppression
factor coming from the top quark contribution in the SM. The same results hold in the
up-quark sector for ∆C = 1, 2 operators, replacing ξij with ζic = VibV
∗
jb.
New CP effects can still appear in this picture, since the coefficients of the effective
operators, although being similar in size to the SM ones, have not to be aligned in phase
with them. Nevertheless the large suppression allows the new effects to appear at a scale
much lower than the one allowed in a generic model. The strongest bounds come from
K and b→ sγ decays, and set a lower bound on ΛNP of the order of a few TeV [45].
At large tan β both powers of YˆuYˆ
†
u and YˆdYˆ
†
d are relevant in effective operators [69–71],
and (3.47) is not exhaustive. The fact that yt and yb are both of O(1) leads to the the
breaking of U(3)3 down to U(2)3. In this case, after suitable U(3)3 transformations, one
can write the spurions as
Yˆu,d = e
±iχˆ/2yt,b
(
∆Yˆu,d 0
0 1
)
, (3.48)
2The matrix V0 does in general not coincide with the CKM matrix because of the O(1) corrections
coming from all the terms (YˆuYˆ
†
u )
n. Similarly, the spurions Yˆu, Yˆd can not be identified with the physical
Yukawa coupling matrices yˆu and yˆd.
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where ∆Yˆu,d are 2× 2 matrices and
χˆ =
(
0 χ
χ† 0
)
, (3.49)
with χ a 2-vector, is a hermitian 3× 3 matrix which determines the misalignment of Yˆu,d
in the 13 and 23 directions, which is known to be small (of order Vcb) from the CKM
matrix. Expanding in χˆ one has from (3.48)
Yˆu,d ' yt,b
(
∆Yˆu,d ±iχ/2
±iχ†∆Yˆu,d/2 1
)
. (3.50)
A thorough analysis of the effective operators relevan in this case will be the topic
of the next chapter, where we will extend the MFV paradigm in order to work with the
better approximate U(2)3 symmetry.
4 An approximate U(2)3 flavour sym-
metry
The quark sector of the Standard Model exhibits an approximate U(2)q × U(2)u × U(2)d
flavour symmetry acting on the first two generations of quarks of different SU(2)× U(1)
quantum numbers, qL, uR and dR [72,73,1]. The symmetry is exact in the limit where one
neglects the masses of the first two generations and their mixings with the third generation
quarks. The smallness of these masses (with respect to the top mass) and mixings ensures
that U(2)3 is indeed a good approximate symmetry of the SM Lagrangian, broken at most
by an amount of order a few ×10−2. This is the size of Vcb, comparable to or bigger than
the mass ratios mc,u/mt or ms,d/mb.
To describe the breaking of U(2)3 we assume that it is encoded in a few small di-
mensionless parameters. Their origin is unknown and may be different, for example, in
different models of EWSB, but we require that they have definite transformation proper-
ties under U(2)3 itself, so that the overall Lagrangian, fundamental or effective as it may
be, remains formally invariant. This is what we mean by saying that U(2)3 is broken in
specific directions. Along these lines, the simplest way to give masses to both the up and
down quarks of the first two generations is to introduce two (sets of) parameters ∆u, ∆d,
transforming as
∆u = (2, 2¯,1), ∆d = (2,1, 2¯) (4.1)
under U(2)q × U(2)u × U(2)d. If these bi-doublets were the only breaking parameters,
the third generation, made of singlets under U(2)3, would not communicate with the
first two generations at all. For this to happen one needs single doublets, at least one,
under any of the three U(2)’s. The only such doublet that can explain the observed small
mixing between the third and the first two generations, in terms of a correspondingly
small parameter, transforms under U(2)q × U(2)u × U(2)d as
V = (2,1,1). (4.2)
A single doublet under U(2)u or U(2)d instead of U(2)q would have to be of order unity.
This is the minimal set of breaking parameters1 required for a realistic description of
1Notice that the spurions ∆u,d and V correspond to ∆Yˆu,d and χ in (3.48), and thus MFV at large
tanβ is equivalent, in an effective field theory framework, to U(2)3.
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quark masses and mixings; we call this setup Minimal U(2)3. One can extend this picture
by considering all the possible breaking terms of U(2)3 entering the quark mass terms,
thus including also the two doublets
Vu = (1,2,1), Vd = (1,1,2). (4.3)
We call this situation Generic U(2)3.
To summarize, we assume that U(2)3 is an approximate symmetry of the flavour sector
of the SM only weakly broken in the directions ∆u, ∆d, V , and possibly Vu and Vd. A
key assumption is that the spurions transform under U(2)3 as defined in (4.1), (4.2) and
(4.3), so that every term in the quark mass bilinears is formally invariant.
4.1 Effective operators in the physical quark basis
Given the basic distinction between the third and the first two generations of quarks,
we adopt for the left-handed doublets and the right-handed charge 2/3 and −1/3 quark
singlets respectively the self-explanatory notation
qL =
(
qL
q3L
)
, uR =
(
uR
tR
)
, dR =
(
dR
bR
)
. (4.4)
By sole U(2)3 transformations it is possible and useful to restrict and define the phys-
ical parameters appearing in the spurions. In Minimal U(2)3 we choose:
V =
(
0
L
)
, ∆u = L
u
12 ∆
diag
u , ∆d = ΦLL
d
12 ∆
diag
d , (4.5)
where L is a real parameter, L
u,d
12 are rotation matrices in the space of the first two gen-
erations with angles θu,dL and ΦL = diag
(
eiφ, 1
)
, i.e. four parameters in total. Incidentally
this shows that, if CP violation only resides in V ,∆u,∆d, there is a single physical phase,
φ, which gives rise to the CKM phase.
Similarly in Generic U(2)3 we set:
V =
(
0
L
)
, Vu =
(
0
uR
)
, Vd =
(
0
dR
)
, (4.6)
∆u = L
u
12 ∆
diag
u Φ
u
RR
u
12, ∆d = ΦLL
d
12 ∆
diag
d Φ
d
RR
d
12, (4.7)
ΦL = diag
(
eiφ, 1
)
, Φu,dR = diag
(
eiφ
u,d
1 , eiφ
u,d
2
)
, (4.8)
which adds to the four parameters of Minimal U(2)3 other four real parameters, u,dR , θ
u,d
R
and four phases, φu,d1,2 . For later convenience we define s
u,d
L = sin θ
u,d
L and s
u,d
R = sin θ
u,d
R .
For the remaining part of this section we consider only the Generic case, since the Min-
imal case can be easily obtained from it in the limit where all the right-handed parameters
are set to zero.
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The effective operators are constructed from the most generic quark bilinears which
contain the spurions and are formally invariant under U(2)3. To a sufficient approxima-
tion, the chirality conserving bilinears for the left-handed doublet take the form
q¯Lγ
µXαLqL = a
α
Lq¯3Lγ
µq3L + b
α
Lq¯Lγ
µqL + c
α
Lq¯LV γ
µq3L + d
α
L(q¯LV )γ
µ(V †qL) + h.c., (4.9)
while for the right-handed singlets
u¯Rγ
µXαuRuR= a
α
uRt¯Rγ
µtR+ b
α
uRu¯Rγ
µuR + c
α
uRu¯RVuγ
µtR + d
α
uR(u¯RVu)γ
µ(V †uuR)+ h.c.,
(4.10)
d¯Rγ
µXαdRdR = a
α
dRb¯Rγ
µbR + b
α
dRd¯Rγ
µdR + c
α
dRd¯RVdγ
µbR + d
α
dR(d¯RVd)γ
µ(V †d dR) + h.c.,
(4.11)
where all the parameters except the c’s are real by hermiticity. These bilinears give rise
to four-fermion operators, as well as to the kinetic terms.
Similarly, the chirality breaking bilinears are, to lowest order in the spurions,
q¯L(M
β
u )uR = λt
(
aβuq¯3LtR + b
β
u(q¯LV )tR + c
β
uq¯L∆uuR + d
β
uq¯3L(V
†
uuR) + e
β
u(q¯LV )(V
†
uuR)
)
,
(4.12)
q¯L(M
β
d )dR = λb
(
aβd q¯3LbR + b
β
d(q¯LV )bR + c
β
d q¯L∆ddR + d
β
d q¯3L(V
†
d dR)
+ eβd(q¯LV )(V
†
d dR)
)
, (4.13)
where now all the parameters are complex. They generate the Yukawa couplings yˆu, yˆd,
magnetic and chromomagnetic interaction terms, as well as left-right four-fermion op-
erators. A σµν is understood in the previous equations when needed. Notice that all
the parameters in the kinetic and Yukawa terms, except one, can be made real through
rephasings of the fields [1].
In each of these equations we have neglected higher order terms in the spurions which,
unless differently specified, do not affect the following considerations and we have included
order 1 coefficients, a, b, c, . . . , dependent upon the specific bilinear under consideration.
In each of the chirality breaking bilinears we have factored out the parameters λt ≈ mt/v
and λb ≈ mb/v. While λt is of order unity, the smallness of λb may be attributed to an
approximate U(1)d acting on all the right-handed down quarks in the same way inside
and outside U(2)3. In presence of more than one Higgs doublet, λb can get bigger values.
We are interested in the expressions for the operators (4.9)–(4.13) in the physical basis
where the quark masses are diagonal, and the kinetic terms are canonical. The kinetic
terms are put in the canonical form by real rotations in the (2, 3) sector plus wavefunction
renormalizations of the fields. One can check that these transformations do not alter, to a
sufficient accuracy, the structure of the other operators, but cause only O(1) redefinitions
of the parameters.
The diagonalization of the mass terms can be done perturbatively by taking into ac-
count the smallness of L, 
u,d
R and ∆
diag
u,d . As a consequence, to a sufficient approximation,
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the unitary transformations that bring these mass matrices to diagonal form are influ-
enced on the left side only by the four parameters of Minimal U(2)3, L, θ
u,d
L , φ, whereas
those on the right side depend on the extra parameters of Generic U(2)3, u,dR , θ
u,d
R , φ
u,d
1,2 .
One goes to the physical basis for the quarks by
uL 7→ Lu23Lu12uL ≡ LuuL, dL 7→ Ud23Ud12dL ≡ UddL, (4.14)
uR 7→ Ru23Ru12uR ≡ RuuR, dR 7→ V d23V d12dR ≡ V ddR, (4.15)
which diagonalize approximately the mass terms up to transformations of order Lyu,d,c,s,
uRyu,c and 
d
Ryd,s. Here and in the following Uij (Vij) stand always for unitary left (right)
matrices in the (i, j) sector, while Lij (Rij) indicate orthogonal left (right) matrices. In
particular Ud12 = ΦLL
d
12 and V
u,d
12 = Φ
u,d
R R
u,d
12 .
In turn this leads to a unique form of the standard CKM matrix
VCKM ' (Lu12)T (Lu23)TUd23Ud12 ≡ (Ru12)TU 23Ud12, (4.16)
where U 23 is a unitary transformation of order L. This expression leads to the following
parametrization
VCKM =
 cuLcdL λ suLs e−iδ−λ cuLcdL cuLs
−sdLs ei(δ−φ) −cdLs 1
 , (4.17)
where s ∼ O(L), cu,dL = cos θu,dL and suLcdL − sdLcuLeiφ = λeiδ. Using this parametrization
of the CKM matrix, a direct fit of the tree-level flavour observables, presumably not
influenced by new physics, results in [73]
suL = 0.086± 0.003 , sdL = −0.22± 0.01 , (4.18)
s = 0.0411± 0.0005 , φ = (−97± 9)◦ . (4.19)
At this stage, the extra “right-handed” parameters present in Generic U(2)3 are uncon-
strained, since they do not enter the CKM matrix.
The explicit results for the coefficients of all the quark bilinears in the physical quark-
mass basis, which generate a suppression factors ξi as in (3.43) for each effective operator
they contribute to, are derived in appendix B.
4.2 Flavour and CP observables in Minimal U(2)3
The general form of the flavour-changing effective operators can be summarized in
Leff = ∆L4f,L + ∆Lmag + ∆LH , (4.20)
where ∆L4f,L is the set of four-fermion operators with flavour violation in the left-handed
sector, ∆Lmag contains the chirality-breaking dipole operators, and ∆LH contains the
Higgs-dependent operator OH . Notice that sizeable flavour-violations in the right-handed
sector are absent in Minimal U(2)3.
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|Vud| 0.97425(22) [74] fK (155.8± 1.7) MeV [75]
|Vus| 0.2254(13) [76] BˆK 0.737± 0.020 [75]
|Vcb| (40.6± 1.3)× 10−3 [77] κ 0.94± 0.02 [78]
|Vub| (3.97± 0.45)× 10−3 [79] fBs
√
Bˆs (288± 15) MeV [80]
γCKM (74± 11)◦ [62] ξ 1.237± 0.032 [75]
|K | (2.229± 0.010)× 10−3 [77] ηtt 0.5765(65) [81]
SψKS 0.673± 0.023 [82] ηct 0.496(47) [83]
∆Md (0.507± 0.004) ps−1 [82] ηcc 1.38(53) [63]
∆Ms/∆Md (35.05± 0.42) [84,82]
φs −0.002± 0.087 [85]
Table 4.1. Observables and hadronic parameters used as input to the ∆F = 2 fits.
In what follows, we will write each single term in (4.20) as
Leff = −Heff = 1
Λ2
∑
i
CiOi + h.c., (4.21)
where the coefficients Ci of the operators relevant for the process under examination can
be read off the equations (B.9)–(B.19) and will be specified case by case. The bounds on
these coefficients arise from ∆F = 2 transitions, K , B
0
d-B¯
0
d mixing, B
0
s -B¯
0
s mixing, from
K → pipi decays, and from B decays – mostly b→ sγ, b→ s`¯`, b→ sνν¯.
The previous analysis leads to the following exhaustive set of relevant flavour changing
effective operators,2 all weighted by the square of an inverse mass scale 1/Λ:
• ∆F = 2 operators QK,B1 ⊂ ∆L4f,L, with a real coefficient required for QK1 ;
• chirality-breaking ∆B = 1 operators OB7γ,OB8g ⊂ ∆Lmag, the analogous ∆S = 1
operators being suppressed as ms/mb;
• chirality conserving ∆F = 1 semileptonic operators OB,K9 ,OB,K10 ⊂ ∆L4f,L, plus
OK,BH ⊂ ∆LH , again with a real coefficient for the operators in the K sector;
Analogous operators involving the up quarks are present. However if these operators
are weighted by the same scale Λ as for the down quarks, they are phenomenologically
irrelevant unless some of the relative dimensionless coefficients are at least one order of
magnitude bigger than the ones in the down sector. This is in particular the case for
operators contributing to D − D¯ mixing, to direct CP violation in D-decays or to top
decays, t→ cγ or t→ cZ.
As we now show, the operators in ∆L4f,L, ∆Lmag and ∆LH , controlled by Minimal
U(2)3 breaking, are broadly consistent with an overall scale at 3 TeV and otherwise
model-dependent coefficients ci in the range 0.2 to 1, depending on their phases [1].
2The notation is the same as in section 3.1. We omit ∆F = 1 operators which only enter low-energy
observables in a fixed linear combination with the ones considered here and do not lead to qualitatively
new effects.
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Figure 4.1. Fit predictions (68 and 95% Bayesian credible regions) in ∆F = 2 fits with cBLL = 0
(left), cKLL = 0 (centre), and in the U(3)
3 case cBLL = c
K
LL, φB = 0 (right).
4.2.1 ∆F = 2 processes
The relevant ∆F = 2 operators generated in the U(2)3 framework come only from the
left-handed sector and read
H ∆F=24f,L =
cKLL
Λ2
ξ2ds
1
2
(
d¯LγµsL
)2
+
∑
i=d,s
cBLLe
iφB
Λ2
ξ2ib
1
2
(
d¯iLγµbL
)2
+ h.c. , (4.22)
where cK,BLL are real, model dependent parameters that can be of O(1). The U(3)
3 case
at low tan β is recovered for cKLL = c
B
LL and φB = 0. Notice that, as in MFV, the factors
of ξij multiplying the coefficients are the same as for the top contribution in the SM. As
a consequence one can verify that the observables in K, Bd and Bs meson mixing are
modified in the following way [72]
K = 
SM(tt)
K (1− hK) + SM(tc+cc)K , (4.23)
SψKS = sin
(
2β + arg
(
1− hBeiφB
))
, (4.24)
Sψφ = sin
(
2|βs| − arg
(
1− hBeiφB
))
, (4.25)
∆Md = ∆M
SM
d
∣∣1− hBeiφB ∣∣ , (4.26)
∆Md
∆Ms
=
∆MSMd
∆MSMs
, (4.27)
where
hK,B = c
K,B
LL
4s4w
α2emS0(xt)
m2W
Λ2
≈ 1.08 cK,BLL
[
3 TeV
Λ
]2
. (4.28)
To compare the effective Hamiltonian (4.22) with the data, the dependence of the
∆F = 2 observables on the CKM matrix elements has to be taken into account. To this
end, we performed global fits of the CKM Wolfenstein parameters A, λ, ρ¯ and η¯ as well
as the coefficients cK,BLL and the phase φB to the set of experimental observables collected
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Figure 4.2. Fit predictions (68 and 95% Bayesian credible regions) in ∆F = 2 fits for the
parameters cKLL, c
B
LL and φB in U(2)
3.
in the left-hand column of table 4.1, by means of a Markov Chain Monte Carlo, assuming
all errors to be Gaussian.3
The results of four different fits are shown in figures 4.1 and 4.2. The left panel of
figure 4.1 shows the fit prediction for cKLL in a fit with c
B
LL = 0. The centre panel shows the
fit prediction in the (cBLL, φB) plane in a fit with c
K
LL = 0. The preference for non-SM values
of the parameters in both cases arises from the tension in the SM CKM fit between K
(when using the experimental data for Vcb and sin 2β as inputs) and SψKS = sin 2β [58–63].
As is well known, this tension can be solved either by increasing K (as in the first case)
or by decreasing SψKS by means of a new physics contribution to the Bd mixing phase (as
in the second case). In the second case, also a positive contribution to Sψφ = − sin 2φs is
generated. The right panel of figure 4.1 shows the fit prediction in a fit where φB = 0 and
cBLL = c
K
LL ≡ cLL, i.e. the U(3)3 or MFV limit. In that case, a positive cLL cannot solve
the CKM tension, since it would lead to an increase not only in K , but also in ∆Md,s.
The two plots of figure 4.2 show the projections onto the (cKLL, c
B
LL) and (c
B
LL, φB) planes
of the fit with all 3 parameters in (4.22) non-zero. Since both solutions to the CKM tension
now compete with each other, the individual parameters are less constrained individually.
4.2.2 ∆S = 1: ′/
An observable that is relevant in other contexts as well, like in MFV [45], is direct CP
violation in K decays, as summarized in the parameter ′. Either in U(2)3 or in MFV, a
contribution to ′ arises from the effective Hamiltonian
H ∆S=14f,LR =
1
Λ2
ξds(c
d
5Od5 + cu5Ou5 + cd6Od6 + cu6Ou6 ) + h.c., ξds = VtdV ∗ts . (4.29)
3A similar analysis was recently performed in [86] with updated values of some hadronic parameters
and flavour observables, finding comparable results.
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Following the analysis of section 3.3.1 and imposing the bounds (3.33) we obtain
cu,d5 . 0.4
(
Λ
3 TeV
)2
, cu,d6 . 0.13
(
Λ
3 TeV
)2
. (4.30)
The limit on cu,d6 is actually one of the strongest bounds among all the U(2)
3 pa-
rameters. Nevertheless, as already stated before, the uncertainties in the estimate of the
SM contribution to ′/ could cancel against the new physics contribution, relaxing the
previous bound by a factor of a few.
4.2.3 ∆B = 1 processes
The U(2)3 predictions for ∆F = 1 processes are more model-dependent because a larger
number of operators is relevant. In addition, the main prediction of universality of b→ s
and b → d amplitudes – but not s → d amplitudes – is not well tested. Firstly, current
data are better for b → s decays compared to b → d decays. Secondly, the only clean
s→ d processes are K → piνν¯ decays, but b→ qνν¯ processes have not been observed yet.
Thus, in the following we will present the constraints on the effective Hamiltonian
H ∆B=1 = ∆H ∆B=14f,L + ∆Hmag + ∆HH
=
∑
i=d,s
ξib
[
c7γe
iφ7γ
Λ2
mb
(
d¯iLσµνbR
)
eF µν +
c8ge
iφ8g
Λ2
mb
(
d¯iLσµνT
abR
)
gsG
µν a
+
cLe
iφL
Λ2
(
d¯iLγµbL
) (
¯`
Lγµ`L
)
+
cRe
iφR
Λ2
(
d¯iLγµbL
)
(e¯RγµeR)
+
cHe
iφH
Λ2
v2
2
(
d¯iLγµbL
) g
cw
Zµ
]
+ h.c. , (4.31)
using only data from inclusive and exclusive b → s decays, making use of the results
of [87, 88]. In general all the coefficients in (4.31) can be relevant and of O(1). Since the
chromomagnetic penguin operator enters the observables considered in the following only
through operator mixing with the electromagnetic one, we will ignore c8g in the following.
Figure 4.3 shows the constraints on the coefficients of the four operators in (4.31) and
their phases. The constraints are particularly strong for the magnetic penguin operator
and the semi-leptonic left-left vector operator. In the first case, this is due to the B → Xsγ
branching ratio, in the second case it is due to the forward-backward asymmetry in the
B → K∗µ+µ− decay and the branching ratio of the recently observed Bs → µ+µ− decay.
Interestingly, in both cases, the constraint is much weaker for maximal phases of the new
physics contribution, since the interference with the (real) SM contribution is minimized
in that case. For the two operators in the right-hand column of figure 4.3, this effect is
less pronounced. The reason is that both coefficients are accidentally small in the SM: in
the first case due to the small Z coupling to charged leptons proportional to (1 − 4s2w)
and in the second case due to C9(µb) ≈ −C10(µb) (in the convention of [87]).
To ease the interpretation of figures 4.2 and 4.3, all the coefficients are normalized,
as explicitly indicated, to a scale Λ = 3 TeV, which might represent both the scale of
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Figure 4.3. 68 and 95% C.L. allowed regions for the ∆F = 1 coefficients in U(2)3, using
the results of a global analysis of inclusive and exclusive b → s decays [87, 88] (courtesy of
D. M. Straub).
a new strong interaction responsible for EWSB, Λs ≈ 4piv, or the effective scale from
loops involving the exchange of some new weakly interacting particle(s) of mass of O(v).
Interestingly the fits of the current flavour data are generally consistent with coefficients
of order unity, at least if there exist sizable non vanishing phases, when they are allowed.
Note in this respect that U(3)3 at low tan β does not allow phases in cL,R,H in figure 4.3,
with correspondingly more stringent constraints especially on cL. A possible interpretation
of these figures 4.2, 4.3 is that the current flavour data are at the level of probing the
U(2)3 hypothesis in a region of parameter space relevant to several new theories of EWSB.
4.2.4 Electric dipole moments
The presence of phases in the flavour-diagonal chirality breaking operators of ∆Lmag has
to be consistent with the limits coming from the neutron electric dipole moment.
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The relevant contraints come from the CP violating contributions to the operators
O7γ and O8g of section 3.3.3. The bounds on their coefficients are the ones reported
in (3.41) and (3.42). Note that the bounds are automatically satisfied if one does not
allow for phases outside the spurions. Otherwise, even with generic phases φ˜γ,gu,d, the
smallness of the coefficients can be explained taking the new physics scale related to the
first generation decoupled from the scale Λ of EWSB, as allowed by the U(2)3 symmetry.
This can be realized in concrete models if the operators in (3.38) come from Feynman
diagrams involving the exchange of heavy first generation partners.
It should also be noted that the coefficients of the flavour diagonal operators, analogue
of the ones in the second line of (4.31), are limited by the electroweak precision tests at
a similar level to the ones shown in figure 4.3.
4.2.5 Up quark sector within U(2)3
Flavour and CP violation in the up quark sector could arise in the U(2)3 framework as
contributions to D-D¯ mixing, to direct CP violation in D-decays, to the top decays t→ cγ
and t→ cZ and to the top chromo-electric dipole moment.
Within our setup, the relevant effective operators for the above processes are:
∆H D4f,L =
cDLL
Λ2
ζ2uc
1
2
(u¯LγµcL)
2 , (4.32)
∆H Dmag =
cD8ge
iφD8g
Λ2
mc ζuc (u¯LσµνcR) gsG
µν , (4.33)
∆H ∆T=1mag =
mt
Λ2
ζct (c¯LσµνtR)
(
ct7γe
iφt7γeF µν + ct7Ze
iφt7Z
g
cw
Zµν
)
, (4.34)
∆H ∆T=1H =
ctHe
iφtH
Λ2
v2
2
ζct (c¯LγµtL)
g
cw
Zµ, (4.35)
∆H ∆T=0mag =
cdme
iφdm
Λ2
mt (t¯LσµνtR) gsGµν , (4.36)
where cw = cos θw and the c’s are real parameters, with the phases made explicit wherever
present. All these coefficients are model dependent and, in principle, can be of O(1). Since
Λ v, the requirement of SU(2)L invariance correlates cDLL, ctH and φtH with the analogous
parameters in the down sector. One can easily see they have to be equal within a few
percent, and so they have to respect bounds similar to those for cKLL, cH and φH (see
figures 4.2 and 4.3).
In the neutral D meson system the SM short distance contribution to the mixing
is orders of magnitudes below the long distance one, thus complicating the theoretical
calculation of the mass and width splittings x and y (see [89], also for a discussion of
the relevant parameters). Despite the above uncertainties, many studies (see [90, 91]
and references therein) indicate that the standard model could naturally account for the
values x ∼ y ∼ 1%, thus explaining the measured 95% CL intervals x ∈ [0.10, 0.81]%,
y ∈ [0.56, 0.92]% [92]. Here, like in [89, 93], we take the conservative approach of using
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the above data as upper bounds to constrain new physics contributions. Referring to the
analysis carried out in [89, 93], within our framework it turns out that the most effective
bound is the one on the coefficient in the operator ∆H D4f,L. In our notation it reads
(cDLL)
2
(
3 TeV
Λ
)2
< 90, (4.37)
so to saturate it we would need values of cDLL that are excluded, since they would imply
a too large contribution to ∆F = 2 observables in the down sector.
Suppose now that the recent evidence for CP violation in D decays measured by
LHCb [94] and CDF [95] is at least in part due to new physics. The quantity of interest is
the difference between the time-integrated CP asymmetries in the decays D0 → K+K−
and D0 → pi+pi−, for which the world average ∆ACP = AKK−Apipi = −(3.29±1.21)×10−3
is reported in [92]. In reference [93] all the possible effective operators contributing to the
asymmetry are considered, while respecting at the same time the bounds coming from
D-D¯ mixing and from ′K/K . Following that analysis, the only operator that can give a
relevant contribution in our setup is ∆H Dmag, ∆ACP being proportional to the imaginary
part of the relative coefficient. Referring to the estimations carried out in [93] and [96]
for the hadronic matrix elements, to reproduce the measured value of ∆ACP one would
need
cD8g sin(argξuc + φ
D
8g)
(
3 TeV
Λ
)2
' 20, (4.38)
a value out of reach if we want to keep the parameter cD8g to be of order one.
The LHC sensitivity to top-quark FCNC at 14 TeV with 100 fb−1 of data is expected to
be (at 95% C.L.) [97]: BR(t→ c Z, uZ) ' 5.5× 10−5 and BR(t→ c γ, u γ) ' 1.2× 10−5.
Here we concentrate on the charm channels, since both in the SM and in our framework
the up ones are CKM suppressed. In the SM, BR(t→ c Z, c γ) can be estimated to be of
order (m2b/m
2
W )
2 |Vcb|2 α2/s2w ∼ 10−12, so that an experimental observation will be a clear
signal of new physics. To estimate the U(2)3 effects for these processes, we follow the
analysis carried out in [98]. The dominant contributions are those given by the operator
Ot7γ in ∆H ∆T=1mag for t→ cγ, and by both ∆H ∆T=1mag and ∆H ∆T=1H for t→ cZ. We obtain
BR(t→ c γ) ' 1.7× 10−8
(
3 TeV
Λ
)4
ct7γ
2
, (4.39)
BR(t→ c Z) ' 8.5× 10−8
(
3 TeV
Λ
)4(
0.61ct7Z
2
+ 0.39 ctH
2
+ 0.83 ct7Zc
t
H cos(φ
t
H − φt7Z)
)
,
(4.40)
leading us to conclude that any non-zero evidence for these decays at the LHC could
not be explained in our setup, unless we allow the dimensionless coefficients to take
values more than one order of magnitude bigger than the corresponding ones in the down
sector (actually this could be possible only for ct7Z and c
t
7γ but not for c
t
H , because of its
correlation with cH and of the bounds of figure 4.3).
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Finally, the recent analysis carried out in [99] has improved previous bounds [100] on
the top CEDM d˜t by two orders of magnitude, via previously unnoticed contributions of
d˜t to the neutron electric dipole moment. In deriving this bound, the authors of [99] have
assumed the up and down quark EDMs du,d and CEDMs d˜u,d to be negligible. This is
relevant in our context if
• we allow for generic phases outside the spurions V , ∆u and ∆d,
• we assume that some other mechanism is responsible for making du,d and d˜u,d negligi-
ble. Notice that this is actually the case in SUSY with heavier first two generations,
where on the contrary there is no further suppression of d˜t with respect to the EFT
natural estimate.
Then, the bound given in [99] imposes
cdm| sinφdm|
(
3 TeV
Λ
)2
< 0.6 , (4.41)
so that future experimental improvements in the determination of the neutron EDM will
start to challenge the U(2)3 scenario with CP violating phases outside the spurions, if the
hypothesis of negligible du,d and d˜u,d is realized.
4.3 Flavour and CP violation in Generic U(2)3
Generic U(2)3, introducing physical rotations in the right handed sector as well, gives
rise to extra flavour and CP violating contributions in (4.42). Their general form can be
summarized in
∆L = ∆L4f,L + ∆Lmag + ∆LH + ∆L4f,R + ∆L4f,LR , (4.42)
where ∆L 4fL,R,LR are the sets of four-fermion operators with flavour violation respectively
in the left-handed sector, in the right-handed sector and in both, while ∆Lmag and ∆LH
were defined in (4.20). The most significant new effects are contained in ∆Lmag and in
∆L 4fLR. Notice that sizeable contributions to ∆L
4f
R and ∆L
4f
LR are absent in Minimal
U(2)3. In the following, we first discuss the relevant new effects with respect to Mini-
mal U(2)3, which show up in ∆C = 1, ∆S = 1 and ∆S = 2 observables, as well as in
flavour conserving electric dipole moments. We then see how in B and t decays and in
D-D¯ mixing the new effects are at most analogous in magnitude to those of the Minimal
breaking case.
4.3.1 ∆C = 1: D decays
CP asymmetries in D decays receive contributions from chromo-magnetic dipole operators
with both chiralities,
L ∆C=1mag =
1
Λ2
cD8ge
iφD8gζuc
[
e−iφ
u
2
uR
L
O8g + eiφu1 s
u
R
suL
uR
L
O′8g
]
+ h.c. (4.43)
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where
O8g = mt(u¯LσµνT acR)gsGµνa , O′8g = mt(u¯RσµνT acL)gsGµνa , (4.44)
and with φD8g we account for the possibility of CP violating phases outside the spurions (see
appendix B for details). Most notably, the recently observed CP asymmetry difference
between D → KK and D → pipi decays, even if roughly consistent with the SM prediction,
could in part be due to new physics contributions to the chromo-magnetic operators.
Following [93,96] we write at the scale µ = mc
∆ACP ' −2
λ
[
Im(V ∗cbVub) Im
(
∆RSM
)
+
1
Λ2
(
Im
(
C8
)
Im
(
∆RNP
)
+ Im(C ′8) Im
(
∆R′NP
))]
,
(4.45)
where the Cabibbo angle λ is defined in (4.16), ∆R(′)SM,NP = R(′)SM,NPK + R
(′)SM,NP
pi , RSMK,pi
are the ratios between the subleading and the dominant SM hadronic matrix elements,
and
R
(′)NP
K ' V ∗csVus
〈K+K−|O(′)8 |D〉
〈K+K−|L SMeff |D〉
∼ 0.1× 4pi
2mt
mc
√
2
GF
, (4.46)
R(′)NPpi ' V ∗cdVud
〈pi+pi−|O(′)8 |D〉
〈pi+pi−|L SMeff |D〉
' R(′)NPK . (4.47)
In our estimates we will assume maximal strong phases, which imply | Im ∆R(′)NP| '
2R
(′)NP
K . The SM contribution can be naively estimated to be ∆R
SM ∼ αs(mc)/pi ∼ 0.1,
but larger values from long distance contributions could arise, making a precise prediction
within the SM still an open issue (see e.g. [101,102] for recent works on this).
Requiring the new physics contribution to ∆ACP to be less than the central value of
the world average of experimental results [92] ∆AexpCP = (−3.29± 1.21)× 10−3 implies
cD8g
uR
L
sin
(
δ − φu2 + φD8g
)
sin δ
. 0.17
(
Λ
3 TeV
)2
, cD8g
suR
suL
uR
L
sin(δ + φu1 − φD8g)
sin δ
. 0.17
(
Λ
3 TeV
)2
.
(4.48)
The bound can be saturated without violating indirect constraints on these operators
arising from ′ or D-D¯ mixing due to weak operator mixing [93]. We stress that the
bounds in (4.48) carry an order one uncertainty coming from the normalized matrix
elements Rpi,K .
4.3.2 Electric dipole moments
In the flavour conserving case, important constraints arise from the up and down quark
electric dipole moments (EDMs) and chromo-electric dipole moments (CEDMs). In ad-
dition to (3.38) there are new contributions coming from the CP violating part of the
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operators
L ∆F=0mag =
mt
Λ2
ξuu e
−iφu1 s
u
R
suL
uR
L
[
cgue
iφgu(u¯LσµνT
auR)gsG
µν
a + c
γ
ue
iφγu(u¯LσµνuR)eF
µν
]
+
mb
Λ2
ξdd e
−iφd1 s
d
R
sdL
dR
L
[
cgde
iφgd(d¯LσµνT
adR)gsG
µν
a + c
γ
de
iφγd (d¯LσµνdR)eF
µν
]
+ h.c. ,
(4.49)
where we remind that φu,d1 are non zero even if there are no CP phases outside the spurions.
The new contributions to the quark (C)EDMs are
du = 2e
mt
Λ2
ξuu
suR
suL
uR
L
cγu sin(φ
γ
u − φu1), d˜u = 2
mt
Λ2
ξuu
suR
suL
uR
L
cgu sin(φ
g
u − φu1), (u↔ d).
(4.50)
From (3.40), considering again the running of the Wilson coefficients from 3 TeV down
to the hadronic scale of 1 GeV, the experimental bound on the neutron EDM implies for
the parameters at the high scale
cγu | sin(φγu − φu1)|
suR
suL
uR
L
. 1.2× 10−2
(
Λ
3 TeV
)2
,
cγd | sin(φγd − φd1)|
sdR
sdL
dR
L
. 3.2× 10−2
(
Λ
3 TeV
)2
,
cgu | sin(φgu − φu1)|
suR
suL
uR
L
. 4.4× 10−3
(
Λ
3 TeV
)2
,
cgd | sin(φgd − φd1)|
sdR
sdL
dR
L
. 2.5× 10−2
(
Λ
3 TeV
)2
. (4.51)
Notice that since the operators of (4.49) are generated through the right-handed mix-
ings with the third generation, the coefficients cγ,gu,d can no longer be suppressed by the
large mass of first-generation-partners as in the Minimal case, and the bounds above will
constrain suR
u
R and s
d
R
d
R.
4.3.3 ∆S = 1: ′/
The s→ d chromomagnetic dipole
∆L ∆S=1mag =
mt
Λ2
cK8ge
i(φK8g−φd2)λbξds
dR
L
(
d¯LσµνT
asR
)
gsG
a
µν (4.52)
contributes to ′. Following the analysis in [66], one obtains the bound
cK8g
sin(β + φK8g − φd2)
sin β
dR
L
. 0.7
(
Λ
3 TeV
)2
. (4.53)
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Furthermore, in addition to the LR four fermion operators in (4.29), there is a contribution
to ′ also from the operators with exchanged chiralities
∆L ∆S=14f,LR =
1
Λ2
ξds
sdR
sdL
(
dR
L
)2
ei(φ
d
1−φd2)(c′d5 O′d5 + c′u5 O′u5 + c′d6 O′d6 + c′u6 O′u6 ) + h.c. , (4.54)
where
O′q5 = (d¯RγµsR)(q¯LγµqL), O′q6 = (d¯αRγµsβR)(q¯βLγµqαL), q = u, d. (4.55)
From (3.33) one gets
c′u,d5
sin(β + φd1 − φd2)
sin β
sdR
sdL
(
dR
L
)2
. 0.4
(
Λ
3 TeV
)2
, (4.56)
c′u,d6
sin(β + φd1 − φd2)
sin β
sdR
sdL
(
dR
L
)2
. 0.13
(
Λ
3 TeV
)2
, (4.57)
which is not particularly relevant since a stronger bound on the combination (sdR/s
d
L)(
d
R/L)
2
comes from K .
4.3.4 ∆S = 2: K
Finally, the only relevant new effect contained in ∆L4f,LR arises from the ∆S = 2 op-
erators Q4 and Q5, contributing to K , which are enhanced by a chiral factor and by
renormalization-group effects. The relevant operators are
∆L ∆S=24f,LR =
1
Λ2
sdR
sdL
(
dR
L
)2
ξ2dse
i(φd1−φd2)
[
cK4 λ
2
b
(
d¯LsR
) (
d¯RsL
)
+ cK5
(
d¯LγµsL
) (
d¯RγµsR
)]
.
(4.58)
Using bounds from [42], one gets
cK5
sin(2β + φd1 − φd2)
sin 2β
sdR
sdL
(
dR
L
)2
. 6× 10−3
(
Λ
3 TeV
)2
. (4.59)
4.3.5 D mixing, B and top FCNCs
In the D and B systems there are no enhancements of the matrix elements of the operators
in ∆L 4fLR and ∆L
4f
R , unlike what happens for K mesons. Moreover the new contribu-
tions to these operators are all suppressed by some powers of u,dR /L (see appendix B).
Therefore they are all subleading with respect to those of Minimal U(2)3, once we take
into account the bounds from the other observables that we have discussed. An analogous
suppression holds also for the operators that contain chirality breaking bilinears involving
one third generation quark, relevant for B and top FCNCs. A four fermion operator of
the form (u¯LcR)(u¯RcL) might in principle be relevant for D-D¯ mixing. However, taking
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into account the bounds on uR/L, this new contribution gives effects of the same size of
those already present in Minimal U(2)3 and far from the current sensitivity. Consequently
the phenomenology of B decays is the same for Minimal and Generic U(2)3. The only
difference in the latter is that CP violating effects are generated also if we set to zero the
phases outside the spurions, though suppressed by at least one power of dR/L.
Concerning the up quark sector, given the future expected sensitivities for top FCNC
[97] and CP violation in D-D¯ mixing [103, 104], within the U(2)3 framework we con-
tinue to expect no significant effects in these processes (see [1] for the size of the largest
contributions). We stress that, while an observation of a flavour changing top decay at
LHC would generically put the U(2)3 framework into trouble, a hypothetical observation
of CP violation in D-D¯ mixing would call for a careful discussion of the long distance
contribution.
4.4 Lepton flavour violation
If one tries to extend the considerations developed so far to the lepton sector, one faces
two problems. First, while the hierarchy of charged lepton masses is comparable to the
mass hierarchies in the quark sector, the leptonic charged-current mixing matrix does not
exhibit the hierarchical pattern of the CKM matrix. Secondly, in the likely possibility
that the observed neutrinos are of Majorana type and are light because of a small mixing
to heavy right-handed neutrinos, the relevant parameters in the Yukawa couplings of
the lepton sector, H ¯`LyˆeeR and H˜ ¯`LyˆννR, are augmented, relative to the ones in the
quark sector, by the presence of the right-handed neutrino mass matrix, νTRMνR, which
is unknown. To overcome these problems we make the following two hypotheses:
• we suppose that the charged leptons, thorough yˆe, behave in a similar way to the
quarks, whereas yˆν and M are responsible for the anomalously large neutrino mixing
angles;
• we assume that yˆν has no significant influence on flavour physics near the Fermi
scale in spite of the presence at this scale of new degrees of freedom carrying flavour
indices, like sneutrinos or heavy composite leptons. One can imagine many reasons
for this to be the case, like e.g. in the discussion of the next section.
Extending U(3)3 and U(2)3 to the leptonic sector, we consider respectively a U(3)` ×
U(3)e and a U(2)` × U(2)e symmetry. Here comes another significant difference between
the two cases: in the U(3)`×U(3)e case, with yˆe transforming as a (3, 3¯), there is no new
flavor changing phenomenon at the Fermi scale other than the leptonic charged-current
mixing matrix, since yˆe can be diagonalized by a U(3)` × U(3)e transformation. On the
contrary, let us assume that the U(2)`×U(2)e symmetry be broken weakly by the spurions
∆e ∼ (2, 2¯) , Ve ∼ (2,1) . (4.60)
By proceeding in the same way as for the quarks in section 4.1, one can set
Ve = (0, η)
T , ∆e = R
e
12∆
diag
e (4.61)
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µ→ eγ 2.4× 10−12 [105] µ→ 3e 1.0× 10−12 [106] µ→ e (Ti) 6.1× 10−13 [107]
τ → eγ 3.3× 10−8 [108] τ → 3e 2.7× 10−8 [109]
τ → µγ 4.3× 10−8 [108] τ → 3µ 2.1× 10−8 [109]
Table 4.2. 90% C.L. experimental upper bounds on the branching ratios of 6 LFV decays and
on the µ→ e conversion rate in Titanium.
and see the occurrence of flavour changing bilinears with two important differences relative
to the quark case. Firstly, one cannot relate the size of η or of the angle θe in R
e
12 to
the mixing matrix in the leptonic charged current. Secondly, due to the importance of
µ→ eγ, one has to include in the expansion of the chirality breaking bilinears, analogue
of eq. (4.13), subleading terms like (¯`LVe)(Ve
†∆eeR), and perform the rotation to the
physical basis to the corresponding order in the spurions.
The flavour changing dimension six effective operators in the lepton sector can then
be written as
• Chirality breaking:
cτζiτmτ (e¯LiσνρτR) eFνρ, cµζeµmµ (e¯LσνρµR) eFνρ, (4.62)
• Chirality conserving:
cβτ ζiτ (e¯LiγντL)O
β
ν , c
β
µζeµ (e¯LγνµL)O
β
ν , (4.63)
where
Oβµ =
(
¯`
Lγµ`L
)
, (e¯RγµeR) , (q¯LγµqL) , (u¯RγµuR) ,
(
d¯RγµdR
)
,
(
H†DµH
)
, (4.64)
and ζij = U
3i∗
eL U
3j
eL and |UeL| ' Re12Re23 is the left-handed charged lepton Yukawa diago-
nalization matrix. All these coefficients are model dependent and, in principle, of similar
order.
The current bounds on lepton-flavour-violating (LFV) processes are collected in ta-
ble 4.2. Using them, bounds can be set on the above coefficients, making assumptions
about the mass scale of new physics and the size of the mixing angles ζij. The relevant
contributions to LFV observables are induced by the operators
HLFV =
∑
j>i
ζij
Λ2
[
cjmej(e¯LiσµνeRj)eFµν + c
l
j(e¯LiγµeLj)(e¯Liγ
µeLi) + c
e
j(e¯LiγµeLj)(e¯Riγ
µeRi)
+ cuj (e¯LiγµeLj)(u¯γ
µu) + cdj (e¯LiγµeLj)(d¯γ
µd)
]
+ h.c. (4.65)
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Operator |c˜eµ| |c˜eτ | |c˜µτ | constrained from
mej(e¯LiσµνeRj)eFµν 0.07 0.79 0.2 `j → `iγ
(e¯LiγµeLj)(e¯Liγ
µeLi) 0.6 9.4 1.8 `j → 3`i
(e¯LiγµeLj)(e¯Riγ
µeRi) 0.9 13 2.6 `j → 3`i
(e¯LiγµeLj)(u¯γ
µu) 0.03 – – µ→ e (Ti)
(e¯LiγµeLj)(d¯γ
µd) 0.03 – – µ→ e (Ti)
Table 4.3. 90% C.L. upper bounds on the reduced coefficients defined in (4.70). The last
column lists the processes giving the strongest constraint on the respective operators.
From (4.65) one derives the predicted branching ratios for LFV decays. The `j → `iγ
branching ratio is given by
BR(`j → `iγ) = 192pi
3α
G2F
|ζijcj|2
Λ4
bij , (4.66)
where bij = BR(`j → `iνν¯). The `j → `i ¯`i`i branching ratio reads [110,111]
BR(`j → 3`i) = 1
2G2F
bij
|ζij|2
Λ4
[
e4|cj|2
(
16 log
m`j
m`i
− 22
)
+
1
2
|clj|2 +
1
4
|cej |2
+ e2
(
2cjc
l∗
j + cjc
e∗
j + h.c.
) ]
. (4.67)
For µ-e conversion, instead, one obtains [112,110]
Γ(µ→ e) = α
3
4pi2
Z4eff
Z
|F (q)|2m5µ
|ζij|2
Λ4
∣∣(2Z +N)cuj + (2N + Z)cdj − 2Ze2cj∣∣2 . (4.68)
In the case of 4822Ti, one has Zeff = 17.6 and |F (q2)| = 0.54 and the conversion rate is
defined as
CR(µ Ti→ e Ti) = Γ(µ Ti→ e Ti)
Γ(µ Ti→ capture) , (4.69)
where the capture rate is Γ(µ Ti→ capture) = (2.590± 0.012)× 106 s−1.
In table 4.3, we show the bounds on the dimensionless reduced coefficients
c˜ij = cj ×
[
3 TeV
Λ
]2 [
ζij
VtiV ∗tj
]
, (4.70)
where the indices i, j = e, µ, τ refer to the specific flavour transitions. For Λ = 3 TeV
some of these bounds are significant, especially from µ-decay processes. Note however that
the normalization of the ζij to the corresponding products of the CKM matrix elements
should only be taken as indicative. Note furthermore that the operators contributing to
µ→ e conversion are suppressed in specific models by explicit gauge coupling factors (e.g.
supersymmetry) or by small mass mixing terms (e.g. composite Higgs models).
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4.5 Summary and comparison of bounds
The motivation for the occurrence of new physics in the TeV range related to EWSB
also calls for the existence of new flavour physics phenomena at similar energies. For this
to be compatible with the numerous experimental constraints, which do not allow large
deviations from the CKM picture of flavour and CP violation, some physical mechanism
must be operative in order to keep the size of flavour transitions under control.
We have analyzed the case where this mechanism is due to an approximate U(2)3
symmetry acting on the first two generations of quarks, motivated by the pattern of
masses and mixing exhibited by the quark sector of the Standard Model. In what we
called Minimal U(2)3 we have crucially assumed that the breaking of U(2)3 takes place
along definite directions motivated by minimality. The first conclusion that we draw from
general effective field theory considerations is apparent from figures 4.2 and 4.3: current
experimental data still allow for new flavour physics phenomena hiding at an interesting
scale of about 3 TeV – a clearly relevant energy range in BSM theories of EWSB, either
perturbative or strongly interacting.
Generic U(2)3 introduces new parameters which do not have a correspondence with the
ones of standard CKM. As such, even insisting on an effective scale at 3 TeV, one cannot
predict the size of the extra effects introduced in Generic U(2)3. We have seen, however,
where the main constraints on the new parameters come from: in the up sector from
CP asymmetries in D decays and from the neutron EDM and, in the down sector, also
from the neutron EDM and from CP violation in the Kaon system. Assuming all the real
model-dependent parameters to be unity and all the phases to be such as to maximize the
corresponding bounds on the U(2)3 breaking parameters, to be conservative, figure 4.4
compares the strength of the bounds from the different observables. Always with an
effective scale at 3 TeV and barring cancellations among phases, the size of the new
breaking terms included in Generic U(2)3 have to be smaller than the corresponding ones
in Minimal U(2)3. Note that ∆ACP could be due to new physics compatible with U(2)
3
if uR ∼ 0.1L. However, with phases that maximize all the constraints, the bound on
the up-quark CEDM then requires the angle suR to be more than one order of magnitude
smaller than the corresponding “left-handed” angle suL, whose size is determined by the
CKM matrix. If dR . 0.1L, bounds from the kaon system and the down quark (C)EDM
are satisfied even without a considerable alignment of the ∆d spurion. Needless to say, in
concrete models the relative strength of these bounds could vary by factors of a few.
Summarizing, it seems possible to collect flavour effects from new physics in an effective
Lagrangian of the form
∆L =
∑
i
ciξi
(4piv)2
Oi + h.c. (4.71)
where the ξi are suitable combinations of the standard CKM matrix elements and |ci| =
0.2÷ 1 consistently with current experimental constraints.
The main observables that deserve attention, in view of conceivable experimental
progress, are CP violation in the mixing of the Bs system, rates and/or asymmetries in B
decays, like b → s(d)γ, b → s(d)`¯`, b → s(d)νν¯ and in K → piνν¯ decays, either charged
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Figure 4.4. Bounds on the free parameters of Generic U(2)3 breaking, normalized to the
parameters present in Minimal U(2)3 breaking (determined by the CKM), with maximal phases.
The black solid line in both plots shows the bound from the neutron EDM (the shaded region
is disfavoured at 90% C.L.). In the left-hand plot, the green dashed lines correspond to a new
physics contribution to ∆ACP of 50% and 100% of the experimental central value. The darker
shaded region is disfavoured, while in the lighter region, new physics could account for the large
experimental value. In the right-hand plot, the red dashed line shows the bound from K and
the blue dotted line the one from ′.
or neutral. In the Generic case, sizable effects are predicted in K and D decays. It is for
example possible to attribute the recently measured CP violation in D → pipi,KK to one
such breaking term consistently with any other constraint. However, no big improvement
is expected here in the near future, mainly because of the large theoretical uncertainties
in the SM amplitudes coming from QCD corrections at low energies. Both Minimal and
Generic U(2)3 are unlikely to give rise to any sizeable effect neither in top FCNC nor in
CP violation in D-D¯ mixing at forseen experiments.
A synthetic description of new physics effects in Minimal U(2)3 and in Generic U(2)3
is given in table 4.4 and compared with MFV (i.e. U(3)3 at moderate or large tan β).
On top of the qualitative differences shown in table 4.4, the size of the possible effects is
significantly more constrained in U(3)3 at moderate tan β than in all other cases.
A complete analysis of flavour should include also leptons. The peculiar properties of
the neutrino mixing matrix, quite different from the quark one, and – perhaps not unre-
lated – the weaker information available in the lepton sector relative to the quark sector,
due to the possible role of the right-handed neutrino mass matrix, make the extension to
the lepton sector not straightforward. It is however conceivable that the observed neu-
trino masses and mixings have a very high-energy origin, with little impact on Fermi scale
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Chirality conserving Chirality breaking
∆B = 1, 2 ∆S = 1, 2 ∆B = 1 ∆C = 1
U(3)3 moderate tβ
 R R C 0
Minimal U(2)3, U(3)3 large tβ C R C 0
Generic U(2)3 C C C C
Table 4.4. Expected new physics effects in U(3)3 and both Minimal and Generic U(2)3, for
chirality conserving and chirality breaking ∆F = 1, 2 FCNC operators in the B, K, D systems.
R denotes possible effects, but aligned in phase with the SM, C denotes possible effects with
a new phase, and 0 means no or negligible effects. In U(3)3 with moderate tanβ an additional
feature is that the effects in b → q (q = d, s) and s → d transitions are perfectly correlated. In
two Higgs doublet models at large tanβ, the possible effects in U(3)3 correspond to the ones in
U(2)3 and the correlation can be broken.
physics. Taking this view, we have assumed that the charged leptons have flavour prop-
erties which are very similar to the ones of the quarks, with a natural extension of U(2)3
to an U(2)` × U(2)e symmetry. One interesting feature characteristic of this symmetry,
suitably broken as in (4.60), is the comparison between the chirality-breaking operators
responsible for the µ → e and τ → µ transitions, which are suppressed respectively as
ζµτmτ and ζeµmµ. While this can only be a qualitative picture, since at present we lack
any direct information on the mixing matrix of the lepton sector, it gives nevertheless a
coherent description of lepton flavour violation at the TeV scale.

Part II
A composite Higgs boson
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5 Composite Higgs models
The discovery of a Higgs-like scalar particle by the ATLAS and CMS experiments at
the Large Hadron Collider brings new focus on the longstanding issue of electroweak
symmetry breaking (EWSB). Higgsless Technicolor models, where the symmetry is broken
dynamically by a fermion condensate like in QCD – a situation already disfavored by
EWPTs – are now ruled out by direct observation. It is now clear that the SU(2)L×U(1)Y
symmetry is broken by the vacuum expectation value of a weakly interacting scalar field.
Still, the exact dynamical mechanism which gives rise to the scalar potential and to its
vacuum expectation value remains unknown. In particular, a relevant question is if this
mechanism is strongly or weakly interacting.
Here we are concerned with the possibility that the newly discovered particle is a
composite state coming from a new strongly interacting sector at the TeV scale, and in
particular with the view that tries to explain a natural Fermi scale in terms of the Higgs
particle as a composite pseudo-Nambu-Goldstone boson (PNGB) [37,33–36].
In this chapter, following mainly the discussion of ref. [113], we introduce the tools
that are needed for the description of a strongly interacting scalar field with non-standard
couplings stemming from the composite dynamics. After a model-independent review of
the mechanism of electroweak symmetry breaking, in section 5.2 we introduce the basic
concepts of a light PNGB Higgs and show how naturalness arguments require a low scale
of compositeness. The vector and fermion resonances of the strongly interacting sector
are described in section 5.3 using the formalism of partial compositeness.
The phenomenological implications of the compositeness paradigm following from ex-
perimental data, and in particular from the measurement of the mass of the Higgs boson,
are explored in the next chapter.
5.1 The electroweak chiral Lagrangian
Let us make a step backward, and consider in more detail the spontaneous breaking of the
electroweak symmetry. To understand exactly what the role of the Higgs boson is, and to
what extent it can be non-standard, we want to describe EWSB in a model-independent
way, i.e. without specifying any concrete mechanism for it.
The most general gauge-invariant Lagrangian that we can write in terms of the Gold-
stone bosons pia of the breaking SU(2)L × U(1)Y → U(1)em and the SM fields, the elec-
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troweak chiral Lagrangian, reads
Lpi =
v2
4
tr
[
(DµΣ)
†DµΣ
]
+ a0v
2 tr
[
Σ†DµΣσ3
]2
+ v
∑
i,j
(
Y uij u¯
i
LΣu
j
R + Y
d
ij d¯
i
LΣd
j
R
)
+ h.c.+ · · · (5.1)
where the dots indicate terms of higher order in the derivatives, and the chiral field is
Σ = exp
(
iσapia
v
)
, DµΣ = ∂µΣ− igW aµ
σa
2
Σ + ig′BµΣ
σ3
2
. (5.2)
Σ transforms under the local SU(2)L × U(1)Y as Σ 7→ UL(x)ΣU †Y (x), where
UL(x) = exp
(
iaL(x)
σa
2
)
, UY (x) = exp
(
iY (x)
σ3
2
)
. (5.3)
It is clear from (5.2) and (5.3) that these transformation properties can be embedded in
the larger global SU(2)L × SU(2)R group, under which Σ 7→ ULΣU †R. Since the second
term in (5.1) breaks explicitly the custodial symmetry and contributes in a sizable way
to the T parameter, we neglect it in the following.
Notice that in the unitary gauge where Σ ≡ 1, the chiral Lagrangian reproduces
exactly the mass term for the gauge fields and the fermions. Thus EWSB happens as a
consequence of the spontaneous breaking of the global symmetry SU(2)L × SU(2)R →
SU(2)V , as 〈Σ〉 = 1. Here the exact mechanism through which that happens is not
specified: in the Standard Model at the minimum of the Higgs potential 〈pia〉 = 0, while
in Technicolor models the symmetry is broken dynamically by some strong interaction.
We can now ask ourselves how (5.1) is modified if we introduce one additional scalar
degree of freedom – the Higgs boson. The most general, gauge invariant, Lagrangian reads
Lpi,h =
1
2
(∂µh)
2 − V (h) + v
2
4
tr
[
(DµΣ)
†DµΣ
] (
1 + 2a
h
v
+ b
h2
v2
+ · · ·
)
+ v
∑
i,j
(
Y uij u¯
i
LΣu
j
R + Y
d
ij d¯
i
LΣd
j
R
) (
1 + c
h
v
+ · · ·
)
+ h.c. ,
(5.4)
where a, b, c are free parameters and we neglected terms of higher order in h/v which have
dimension greater than 4.
The Standard Model Higgs boson has a = b = c = 1. In this case h and the Goldstone
bosons pia form a linear representation of SU(2)L × SU(2)R and can be viewed as the
components of the Higgs doublet H. In a generic composite Higgs model these couplings
will deviate from their standard value.
5.1.1 WW scattering and unitarity
The chiral Lagrangian (5.1) is not renormalizable. This is easily seen as the kinetic term
(DµΣ)
2 contains derivative interactions with an arbitrary number of Goldstone bosons,
suppressed by a suitable power of v, which are operators of dimension greater than 4.
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Figure 5.1. Feynman diagrams contributing to pipi → pipi scattering at energies below the
compositeness scale.
A consequence of this fact is the well known non-unitarity of the longitudinal WW
scattering amplitude. Indeed, the equivalence theorem tells us that at sufficiently high
energies E  mW the amplitude for the longitudinal polarization of W bosons equals the
one for Goldstones,
A(W+LW−L → W+LW−L ) = A(pi+pi− → pi+pi−) =
1
v2
(s+ t), (5.5)
hence the unitarity bound is saturated at an energy
√
s ' 4piv ' 3 TeV for the s-wave
scattering.
In the Standard Model unitarity is restored at tree-level by the exchange of a Higgs
particle. Using the Lagrangian (5.4) for a generic scalar particle, from the diagrams of
figure 5.1 we get the amplitude for pipi scattering at tree-level
A(pipi → pipi) = s+ t
v2
− a
2
v2
(
s2
s−m2h
+
t2
t−m2h
)
=
s+ t
v2
(1− a2) + O
(m2h
E2
)
. (5.6)
If the Higgs coupling has its SM value a = 1, the part of the amplitude that grows with
the energy is exactly canceled, and the theory remains unitary at every scale.
On the contrary, in Technicolor models of strong EWSB unitarity is restored by a
new strong interaction that sets in at the scale Λ ' 4piv. Composite resonances of the
strong sector are excited at that scale; the exchange of these resonances contributes to
the scattering amplitudes, and helps to preserve unitarity. Exact unitarity is recovered if
the whole tower of resonances of the strong sector is taken into account. This is exactly
what happens in QCD, where the exchange of the ρ meson – and of its resonances, at
higher energies – unitarizes pion scattering.
pi
pi
pi
pi
ρ
pi
pi
pi
pi
ρ
Figure 5.2. Feynman diagrams unitarizing pipi → pipi scattering at the compositeness scale.
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If the Higgs boson is a composite object, it can be considered as a bound state of a
strongly interacting sector. This situation, from the point of view of the unitarity bounds,
is an intermediate between the standard Higgs model, and a theory of strong EWSB. In
general, if the Higgs is composite, the parameters of (5.4) will differ from 1, so that
the scattering amplitude (5.6) will still grow as s+ t, eventually saturating the unitarity
bound. But this happens now at a higher scale with respect to the higgsless case, namely
at
√
s ' 4piv/√1− a2. At this point the strongly interacting sector provides for exact
unitarity, as before.
For completeness, one can consider also the scattering amplitudes involving the Higgs
boson and fermions. Again from (5.4) we get
A(pipi → hh) = s
v2
(b− a2), (5.7)
A(pipi → ψ¯iψi) = mψ
√
s
v
(1− ac), (5.8)
and we see that the amplitudes are unitarized only for a = b = c = 1, which are the SM
Higgs couplings. For any departure of these values, new degrees of freedom are needed at
some higher energy scale, in order to have a consistent theory.
5.2 The Higgs as a pseudo-Nambu-Goldstone boson
From now on we assume that the Higgs boson is part of a composite sector. In other
words, this means that its couplings are not the ones of a standard SU(2)L doublet and
above some energy scale Λ the unitarity bound is saturated. There the theory becomes
strongly interacting, with a coupling constant which can be assumed to be 1 . gρ . 4pi,
and effective operators of this strong dynamics excite a tower of resonances.
These composite resonances, if not too heavy, should in principle be observable at
collider experiments [114]. In general, unless some mechanism is at work which generates
a separation of scales, one expects the compositeness scale to roughly coincide with the
Fermi scale, Λ ∼ 4piv, and the vector and fermion resonances, which have to appear
below this energy scale, to have masses which are comparable with the Higgs mass. The
direct searches at the LHC are currently sensitive to masses in the 500–700 GeV range for
composite fermions [115–118], and up to a few TeV for composite vector states [119–122],
and have seen no evidence for new particles up to now.
It is therefore clear that the Higgs boson has to be by far the lightest state of the
composite sector. This situation reminds what happens in QCD, where one has a typical
scale of strong interactions ΛQCD, a set of scalar states – the pions – which are lighter
than this scale, and all the other resonances – first of all the rho mesons – with a much
higher mass. This is explained by the fact that the pions are the Nambu-Goldstone
bosons associated with the spontaneous breaking of the approximate SU(2)L × SU(2)R
chiral symmetry of QCD. In a very similar fashion, one can assume that also the Higgs is
a (pseudo-)Nambu-Goldstone boson associated to some global symmetry breaking of the
strong sector.
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Figure 5.3. Structure of the symmetry breakings in a generic composite Higgs model. The
misalignment between the gauged GSM and H causes the global breaking G→ H to trigger also
EWSB.
Consider a global symmetry group G which is spontaneously broken down to a sub-
group H at some scale f > v. The Nambu-Goldstone bosons of this breaking live in the
coset space G/H and – if the coset is a symmetric space – transform under G linearly as
piaˆ 7→ piaˆ + aˆ, exp (ia˜T a˜ + iaˆT aˆ) ∈ G, (5.9)
where T a˜ are the unbroken generators of H, and T aˆ are the broken generators. Since the
Lagrangian has to be invariant under the full groupG, the shift symmetry (5.9) forbids any
non-derivative interaction among the pi’s, including a mass term m2pipi
2, and the Nambu-
Goldstone bosons are thus massless [123,124]. If a gauge symmetry is involved, the number
of massless degrees of freedom that eventually appear in the breaking corresponds to the
total number of broken generators minus the number of broken gauge generators, since
the Nambu-Goldstone bosons associated with the latter are eaten-up by the gauge fields.
For simplicity, let us assume that the only gauge fields that are relevant are the ones of
the Standard Model. Since the SU(2)L×U(1)Y generators remain unbroken at this stage,
we have n = dim(G) − dim(H) Nambu-Goldstone bosons associated with the breaking
G→ H.
Let us make some observations:
• At least four Goldstone bosons are needed to reproduce the SU(2)L Higgs doublet
of the Standard Model.
• In analogy with the chiral Lagrangian (5.1) we have to impose that the strong
sector respects a custodial SU(2)L × SU(2)R ' SO(4) symmetry. Without this
assumption, one would have large contributions – in principle of order 1 – to the
T parameter. Here one comment can be made: if the Higgs appears in a complete
representation of the custodial group, even if the strong sector is not symmetric
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under it, the contributions to T are suppressed by a factor of v2/f 2 as in (2.17). To
avoid a strong lower bound on the scale f from EWPT we will assume a custodial
invariant strong sector in the following.
• The global group G must contain the Standard Model gauge group SU(2)L×U(1)Y
as an embedding, since the Higgs must couple to the gauge fields. The gauging of
only a subgroup of G breaks explicitly the global symmetry. If the SM group is
contained in G but not in H, i.e. there is a misalignment between GSM and H, the
G→ H breaking triggers also EWSB.
5.2.1 Minimal composite Higgs models
The minimal group which satisfies the above properties is SO(5)× U(1)X [36] (see [113]
for a review). In these minimal models there are exactly four Goldstone bosons – i.e.
only one Higgs doublet – living in the coset SO(5)/SO(4). The extra U(1)X is needed in
order to get the right hypercharge assignment for all the SM fields, with Y = T3R + X,
and does not take part in the breaking.
The Nambu-Goldstone bosons can be written as (see (5.2) for comparison)
Σ(x) = Σ0 exp
(iT aˆpiaˆ(x)
f
)
, (5.10)
where T aˆ are the broken generators of SO(5) and Σ0 is a constant vector of unit modulus
parametrizing the direction of breaking. In a suitable basis where the first 4 coordinates
correspond to the SO(4)SM ⊃ GSM generators and Σ0 = (~0, 1), (5.10) can be rewritten as
Σ =
(~pi
pi
sin(pi/f), cos(pi/f)
)
, (5.11)
where ~pi = (pi1, pi2, pi3, pi4) and pi =
√
~pi2. One sees that in a background where 〈~pi〉 6= 0
there is a misalignment of an angle 〈pi〉/f between SO(4)SM and the preserved SO(4), so
that GSM is broken together with SO(5).
Integrating out the strong dynamics, an effective Lagrangian for the vector fields is
generated, in complete analogy with (2.11),
LV,eff = −1
2
Πµν0 (q
2)AaˆµA
aˆ
ν −
1
2
Πµν1 (q
2)Aa˜µA
a˜
ν −
1
2
ΠµνX (q
2)XµXν , (5.12)
where Πµνα (q
2) = Πα(q
2)(gµν − qµqν/q2), Aaˆµ and Aa˜µ are the fields associated with the bro-
ken and unbroken generators of SO(5), respectively, and Xµ are the U(1)X vectors. The
Π′s at vanishing external momentum correspond to a mass terms for the vectors, the first
derivatives determine the coupling constants. At all orders in q2, (5.12) describes also a
series of composite resonances excited by the strong dynamics, with masses corresponding
to the poles of the form factors Π(q2).1
1In the large N limit one can explicitly check that for each Π(q2) there is an infinite tower of narrow
resonances with masses mρn .
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Only the Aaˆµ fields which are associated with the broken generators can get a mass
term by spontaneous symmetry breaking. For the SU(2)L × U(1)Y gauge fields, (5.12)
at q2 = 0 can be identified with the leading term of the chiral Lagrangian for Σ in a
derivative expansion,
LVEW,eff |q2=0 '
f 2
4
tr
[
Σ†AˆµAˆµΣ
]
=
f 2
4
sin2
(pi
f
)
tr
[(
Wµ ·Hˆ + Hˆ·σ3 Y Bµ
)†(
Wµ ·Hˆ + Hˆ·σ3 Y Bµ
)]
, (5.13)
where Aˆµ denotes collectively the part of the SM gauge fields corresponding to the broken
SO(5) generators, Hˆ = piaT a/pi, and the last equality follows from the decomposition
(5.11). When pi gets a vev, in order to recover the correct form (5.1) it must be
v = f sin
〈pi〉
f
, ξ ≡ v
2
f 2
= sin2
〈pi〉
f
. (5.14)
Expanding the pion field around its vev, pi = 〈pi〉+ h, one obtains
f 2 sin2
〈pi〉+ h
f
= f 2
[
sin2
〈pi〉
f
+ 2 sin
〈pi〉
f
cos
〈pi〉
f
(h
f
)
+
(
1− 2 sin2 〈pi〉
f
)(h
f
)2
+ · · ·
]
= v2 + 2v
√
1− ξ h+ (1− 2ξ)h2 + · · · , (5.15)
which in turn gives also an explicit form for the Higgs couplings of (5.4),
a =
√
1− ξ, b = 1− 2ξ. (5.16)
For completeness, we report also the correction to the gauge couplings coming from
the strong dynamics,
1
g2
=
1
g20
+ Π′0(0),
1
g′2
=
1
g′20
+ Π′0(0) + Π
′
X(0). (5.17)
In a similar way one can derive the effective action for the top quark [36,38]
Lt,eff = q¯L /pΠL(p
2)qL + t¯R /pΠR(p
2)tR + Πmq¯LHˆ tR, (5.18)
where
ΠL = Π0,L + Π1,L cos(pi/f), (5.19)
ΠR = Π0,R + Π1,R cos(pi/f), (5.20)
Πm = Π1,m sin(pi/f). (5.21)
The poles of these form factors determine the masses of the fermionic resonances of the
strong sector. In the limit p = 0 one finds
mt ' ξΠ1,m√
(Π0,L + Π1,L)(Π0,R − Π1,R)
, (5.22)
while the anomalous coupling of the Higgs to fermions is
c =
√
1− ξ. (5.23)
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5.2.2 The Higgs potential and symmetry breaking
If the symmetry under G were exact, the Higgs potential would vanish because of the shift
symmetry (5.9). As a consequence, one would have no EWSB and a perfectly massless
Higgs boson. It is thus clear that the global symmetry G has to be only approximate.
Its explicit breaking, as observed above, comes from the fact that only a subgroup – in
our case just the electroweak group of the SM – is gauged. The effective potential of the
Higgs field (which will not respect the full symmetry under G) is thus generated through
radiative corrections by the Standard Model fields, mainly vector bosons and the top
quark, which are the ones to which it couples most strongly. This is the same mechanism
that generates the mass difference between the pions in QCD.
There are in general two conditions that have to be satisfied by the potential:
(i) the correct value of the Higgs vev has to be reproduced,
(ii) the Higgs boson mass has to be mh = 125 GeV.
This is where the hierarchy problem appears in composite Higgs models: in a model with
generic order one parameters, since the only energy scale in the theory is f , the EWSB
scale that is generated will also be of the same order, up to some model-dependent factor.
In order to have a significant splitting between the two scales, a certain amount of fine-
tuning between different terms in the potential has to be introduced. In other words, if the
groups H and GSM are not exactly aligned, radiative corrections tend to spoil completely
the alignment, generating EWSB at the scale f and a Higgs mass of the same order. The
misalignment between the two groups has to be fine-tuned to the weak scale, and the
parameter ξ = v2/f 2 is a good measure of the amount of tuning. The Higgs mass will
then be proportional to this quantity.
In the minimal SO(5)/SO(4) model one can easily derive the one-loop Coleman-
Weinberg potential for the Nambu-Goldstone Higgs from (5.12) and (5.18), in terms of
the form factors. Neglecting hypercharge the vector contribution reads
VW (h) =
9
2
∫
d4q
(2pi)4
log
(
1 +
1
4
Π1(q
2)
Π0(q2)
sin2
h
f
)
. (5.24)
Although giving h a mass, thus breaking the Goldstone symmetry, this form of the po-
tential doesn’t trigger EWSB since it has a minimum for h = 0. The reason is that the
Wµ field alone, ignoring the small contribution from g
′, respects the custodial symmetry
and can’t induce a SU(2)L × SU(2)R → SU(2)V breaking.
The leading contribution is however the one from the top quark, which reads [36,38]
Vt(h) = −2Nc
∫
d4p
(2pi)4
[
log ΠL + log
(
p2ΠLΠR − Π2m
)]
, (5.25)
where Nc = 3 is the number of colours. Expanding the potential for small Π’s, after
substituting the expressions (5.19), (5.20), yields the simple approximate form
V (h) ' α cos h
f
− β sin2 h
f
, (5.26)
5.3. Partial compositeness 59
where α and β are functions of the form factors. Now, because of the two contrasting
contributions, the potential has a nontrivial minimum at
ξ = sin2
〈h〉
f
= 1−
( α
2β
)2
(5.27)
if α ≤ 2β. This shows explicitly the previous statement: a sizable splitting between the
scales v and f , i.e. a small ξ, requires a tuning of α ≈ 2β. In a natural theory with order
one parameters, ξ will also be of order one, and f of the order of the weak scale.
The Higgs mass is
m2h =
∂2V (h)
∂h2
∣∣∣∣
〈h〉
=
2βξ
f 2
. (5.28)
One can check that
β ' 2Nc
∫
d4p
(2pi)4
1
−p2
Π21,m
(Π0,L + Π1,L)(Π0,R − Π1,R) ≈
Nc
8pi2
m2t
ξ
m2ψ, (5.29)
where mψ is the mass of the lightest resonance that cuts-off the integral, and where we
used the expression (5.22) for mt. Finally, one finds
m2h ' Nc
m2tm
2
ψ
4pi2f 2
≡ Ncm
2
tY
2
4pi2
, (5.30)
where the paramter Y is defined as mψ = Y f .
5.3 Partial compositeness
For phenomenological purposes, it is often sufficient to consider only the lightest reso-
nances of each type,2 which are probably also the only ones that are potentially observ-
able at the LHC. In this limit, an efficient way to describe the coupling of this new strong
sector to the Standard Model fields is the one of partial compositeness [46, 47].
In this picture, every SM field has at least one composite partner with the same
SU(2)L × U(1)Y quantum numbers. Bilinear mass mixing terms between operators with
the same quantum numbers are generated by the renormalization-group running. Due
to the presence of these mixing terms, the physical mass eigenstates are a superposition
of elementary and composite fields. This phenomenon is completely analogous to the
photon-rho mixing in QCD.
The situation can be described as follows. Let us denote collectively by Aµ the el-
ementary gauge fields, with coupling gel, and with ρµ the composite vector resonances.
The Lagrangian for vector fields, including all the possible quadratic terms, becomes
LV = −1
2
tr [ρµνρ
µν ]− 1
2
tr [FµνF
µν ] +
m2ρ
2
(
ρ2µ − 2 tanφ ρµAµ + tanφ2A2µ
)
, (5.31)
2Sometimes one may want to include also the next-to-lightest resonances. These are required, for
instance, to get a finite prediction for the Higgs potential [125].
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where the mixing angle φ is a small parameter. The size of the A2µ term has been fixed
by requiring that there is a massless eigenstate which corresponds to the physical gauge
boson. Indeed, diagonalizing (5.31) yields the two eigenstates
Wµ = cosφAµ + sinφ ρµ, W
∗
µ = − sinφAµ + cosφ ρµ, (5.32)
with masses respectively mW = 0 and m∗ = mρ/ cosφ ' mρ. The coupling between Wµ
and the composite Higgs field H is obtained by projection onto the strong sector, and is
g2 = g2ρ sin
2 φ, (5.33)
where g is the SM weak coupling. With the additional condition that the gauge coupling
in the field strength Wµν be equal to g, we get
tanφ =
gel
gρ
, g =
gelgρ√
g2el + g
2
ρ
, (5.34)
and the smallness of the mixing angle φ, imposed by electroweak precision measurements,
implies gρ  gel ' g.
The same setup can be translated to the fermions, although with some complication
due to the inclusion of flavour. The coupling of quarks and leptons to the Higgs - and
therefore to the strongly interacting sector - suggests that also fermionic resonances are
excited close to the compositeness scale. In the partial compositeness approach, these are
described by a set of heavy, composite fermions Qi with the same SU(3)×SU(2)L×U(1)Y
quantum numbers of the standard fermions, with which they mix through bilinear mass
terms. Since we want these fermions to have masses above the electroweak scale, we will
assume that they are vector-like with Dirac masses mQi . The composite Lagrangian (5.31)
is then extended as follows
Lc = LV + |DµH|2 + Q¯i(i /D −mQi)Qi + Y ijQ¯iHQj + h.c., (5.35)
where Y is some Yukawa coupling of the strong sector involving fermions with the appro-
priate quantum numbers, and we use the matrix notation H = (Hc, H) for the Higgs. In
models where the Higgs is a pseudo-Goldstone boson, if the mass of the fermions and the
strong Yukawa interactions come from the same kind of Yukawa-like composite operator
after breaking of the global symmetry, one can take the couplings Y ij to be proportional
to the parameter Y in (5.30), and approximately identify the heavy fermion masses with
mψ = Y f , up to a model dependent factor of order one. The implications of this connec-
tion between the Higgs mass and flavour physics will be discussed in chapter 6.
The mixing Lagrangian for the fermions can be written as
Lmix,f = mQiQ¯iλ
ij
q qj, (5.36)
where λq is some matrix of dimensionless parameters in flavour space and we denoted
generically with qi the elementary fermions. Using a singular-value-decomposition
λq = U
†
q · λdiagq · Vq, (5.37)
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the diagonalization of the mass matrix for light fermions leads to the zero mass eigenstates
q˜i = cosϕiqi + sinϕi UijQj, (5.38)
which correspond to the SM chiral fermions before EWSB. At the same time, in the v = 0
limit, the remaining states have mass mQi or mQi cosϕi, respectively if they mix or do
not mix with the elementary fermions. The mixing angles are defined as tanϕi = λ
diag
i .
Notice how the matrices Vf on the right-hand side of (5.37) are unphysical and can be
eliminated rotating the elementary fields.
The SM Yukawas, which couple the physical quarks q˜ to the composite Higgs boson,
and give them a mass after EWSB, are obtained again by projection onto the strong
sector, and read
yiju =
∑
k,l
sinϕqiU
q
ikY
kl
U (U
u
lj)
† sinϕuj , y
ij
d =
∑
k,l
sinϕqiU
q
ikY
kl
D (U
d
lj)
† sinϕdj , (5.39)
where YU and YD are the strong Yukawa couplings for the up-type and down-type quark
partners, respectively.
It is clear that the parameters Y and λ are subject to the constraint of reproducing
the correct flavour structure at the electroweak scale, which - as thoroughly discussed in
the previous chapters - is in general not a straightforward property. There are different
approaches to this problem, which will be the topic of the next chapter.
5.3.1 Effective Lagrangians for partial composite fermions
The set of composite fermion partners is not uniquely determined. Since the strong sector
is invariant under the unbroken global group H, only complete representations of H are
allowed. In particular they have to come at least in complete representations of the
custodial group SU(2)L × SU(2)R ' SO(4). Moreover, in theories where the Higgs is
a PNGB, as a consequence of the larger global symmetry of the Lagrangian the heavy
fermions have to form also complete representations of G, although mass splittings of order
f are allowed inside these representations as a consequence of the spontaneous breaking
G → H. There are however different choices that can be made concerning the specific
representation of H (or G).
The choice of the fermion representations has important implications for the elec-
troweak precision constraints. Here we classify the fermions under representations of the
custodial SU(2)L × SU(2)R × U(1)X , the extra U(1)X being needed in order to get the
right hypercharges for the quarks. We will consider the three simplest possible cases,
which are also most frequently considered in the literature.
The doublet model
The elementary SU(2)L quark doublets qL mix with composite vector-like SU(2)L dou-
blets Q, one per generation. The elementary quark singlets, uR and dR, couple both to
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an SU(2)R doublet R = (U D)
T . For concreteness, the part of the Lagrangian involving
fermions reads3
L doublets = −Q¯imiQQi − R¯imiRRi +
(
Y ijtr[Q¯iLHRjR] + h.c
)
, (5.40)
L doubletmix = m
j
Qλ
ij
L q¯
i
LQ
j
R +m
i
Rλ
ij
RuU¯
i
Lu
j
R +m
i
Rλ
ij
RdD¯
i
Ld
j
R . (5.41)
where H = (iσ2H∗, H). Everywhere i, j are flavour indices. Note that the two doublets
Q and R can be embedded in the spinorial representation 4 of SO(5) of the minimal
composite Higgs model MCHM4 [36].
The triplet model
The elementary SU(2)L quark doublets mix with a composite L = (2,2)2/3 of SU(2)L ×
SU(2)R × U(1)X , and the elementary quark singlets couple both to a composite triplet
R = (1,3)2/3. The model also contains a (3,1)2/3 to preserve LR symmetry. The part of
the Lagrangian involving fermions reads
L triplets = −tr[L¯imiLLi]− tr[R¯imiRRi]− tr[R¯′ imiRR′ i]
+ Y ijtr[L¯iLHRjR] + Y ijtr[H L¯iLR′ jR ] + h.c , (5.42)
L tripletmix = m
j
Lλ
ij
L q¯
i
LQ
j
R +m
i
Rλ
ij
RuU¯
i
Lu
j
R +m
i
Rλ
ij
RdD¯
i
Ld
j
R . (5.43)
where Q is the SU(2)L doublet with T3R = −12 contained in L and U,D are the elements
in the triplet R with charge 2/3 and -1/3 respectively. Note that Q, R and R′ together
form a complete representation of SO(5) since 10 = 4⊕ 3⊕ 3. The triplet model is thus
equivalent to the minimal composite Higgs model MCHM10 with fermions in the adjoint
representation 10 of SO(5) [38].
The bidoublet model
The elementary SU(2)L quark doublets mix with a LU = (2,2)2/3 and a LD = (2,2)−1/3
of SU(2)L × SU(2)R × U(1)X , the former giving masses to up-type quarks, the latter to
down-type quarks. The elementary up and down quark singlets couple to a (1,1)2/3 and
a (1,1)−1/3 respectively.
L bidoublets = −tr[L¯iUmiQuLiU ]− U¯ imiUU i +
(
Y ijU tr[L¯
i
UH]LU jR + h.c
)
+ (U → D) , (5.44)
L bidoubletmix = m
j
Qu
λijLuq¯
i
LQ
j
Ru +m
i
Uλ
ij
RuU¯
i
Lu
j
R + (U, u→ D, d) , (5.45)
where again Qu and Qd are the doublets in LU and LD which have the same gauge
quantum numbers of the SM left-handed quark doublet. Note that here, as opposed
to the previous models, there are two different left-handed mixing angles for up- and
down-type quarks, sLu and sLd. The composite fields LU and U , as well as LD and D,
3Note that we have omitted “wrong-chirality” Yukawa couplings like Y˜ ijtr[Q¯iRHRjL] for simplicity.
They are not relevant for the tree-level electroweak and flavour constraints and do not add qualitatively
new effects to the loop contributions to the T parameter.
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model SU(3)c SU(2)L SU(2)R U(1)X
doublet
Q 3 2 1 1/6
R 3 1 2 1/6
triplet
L 3 2 2 2/3
R 3 1 3 2/3
R′ 3 3 1 2/3
bidoublet
LU 3 2 2 2/3
LD 3 2 2 −1/3
U 3 1 1 2/3
D 3 1 1 −1/3
Table 5.1. Quantum numbers of the fermionic resonances in the three models considered. All
composite fields come in vector-like pairs. The X charge is related to the standard hypercharge
as Y = T3R +X.
together form a complete representation of SO(5) since 5 = 4⊕ 1. The bidoublet model
thus corresponds to the minimal composite Higgs model MCHM5 with fermions in the
fundamental representation 5 of SO(5) [38].
The field content in all three cases is summarized in table 5.1. We avoid a more
detailed discussion of the relation between the above simple effective Lagrangians and
more basic models which include the Higgs particle as a pseudo-Goldstone boson. Here it
suffices to say that the above Lagrangians are suitable to catch the main phenomenological
properties of more fundamental models. For this to be the case, the truly basic assumption
is that the lowest elements of towers of resonances, either of spin-1
2
or of spin 1, normally
occurring in more complete models, are enough to describe the main phenomenological
consequences, at least in as much as tree-level effects are considered.

6 Flavour, electroweak observables
and a 125 GeV composite Higgs
If the Higgs boson is a composite particle by a suitable new strong interaction, the problem
of describing flavour in a way consistent with current experiments is non trivial. In
addition, it is well known that in theories with a strong coupling at the TeV scale there
are in general relevant contributions to the electroweak precision observables. Both these
aspects - flavour and EWPT - play an important role in setting bounds on the masses
and the other parameters of the theory.
The discovery of a Higgs-like particle [11, 12] puts the additional constraint of its
measured mass of about 125 GeV on the models where it is interpreted as a (natural)
pseudo-Nambu-Goldstone boson. Here we shall concentrate our attention on the compat-
ibility of such interpretation of the newly found particle with constraints from flavour and
electroweak precision tests.
The common features emerging from the modelling of the strong dynamics responsible
for the existence of the composite pseudo-Goldstone Higgs boson, as described in the
previous chapter, are:
(i) a breaking scale of the global symmetry group, f , somewhat larger than the EWSB
scale v ≈ 246 GeV;
(ii) a set of ρ-like vector resonances of typical mass mρ = gρf ;
(iii) a set of spin-1
2
resonances, vector-like under the Standard Model gauge group, of
typical mass mψ = Y f ;
(iv) bilinear mass-mixing terms between the composite and the elementary fermions,
ultimately responsible for the masses of the elementary fermions themselves [46].
These same mass mixings are crucial in explicitly breaking the global symmetry of the
strong dynamics, i.e. in triggering EWSB, with a resulting Higgs boson mass
mh = C
√
Nc
pi
mtY, (6.1)
where Nc = 3 is the number of colours, mt is the top mass and C is a model dependent
coefficient of O(1), barring unnatural fine-tunings [38,125–129]. This very equation makes
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manifest that the measured mass of 125 GeV calls for a semi-perturbative coupling Y of
the fermion resonances and, in turn, for their relative lightness, if one wants to insist on
a breaking scale f not too distant from v itself. For a reference value of f = 500–700
GeV, which in PNGB Higgs models is enough to bring all the Higgs signal strengths in
agreement with the currently measured values [13], one expects fermion resonances with
typical mass not exceeding about 1 TeV, of crucial importance for their direct searches
at the LHC. These searches are currently sensitive to masses in the 500–700 GeV range,
depending on the charge of the spin-1
2
resonance and on the decay channel [115–118]. In
this work we aim to investigate the compatibility of this feature with flavour and EWPT.
To address this question, keeping the discussion simple and possibly not too model
dependent, we follow the partial compositeness approach introduced in section 5.3. The
vector resonances transform in the adjoint representation of a global symmetry respected
by the strong sector, which contains the SM gauge group. To protect the T parameter
from tree-level contributions, we take this symmetry to be Gc = SU(3)c × SU(2)L ×
SU(2)R×U(1)X . We assume all vector resonances to have mass mρ and coupling gρ. For
simplicity we also assume the composite fermions to have all the same mass mψ.
Quark masses and mixings are generated after electroweak symmetry breaking from
the composite-elementary mixing. While the effective SM Yukawa couplings yˆu,d must
have the known hierarchical form, the Yukawa couplings in the strong sector, YU,D, could
be structureless anarchic matrices (see e.g. [130–137]). However, to ameliorate flavour
problems, one can also impose global flavour symmetries on the strong sector.
We consider a number of different options for the transformation properties of the
spin-1
2
resonances under the global symmetries of the strong dynamics, motivated by the
need to be consistent with the constraints from the EWPT, as well as different options
for the flavour structure/symmetries, motivated by the many significant flavour bounds.
We analyze in succession the constraints from flavour and EWPT in the various cases,
considering for each case the three fermion representations introduced in section 5.3.1 and
defined by the Lagrangians (5.40)–(5.45), which are customary in the literature.
6.1 General electroweak precision constraints
In this section we discuss electroweak precision constraints that hold independently of
the flavour structure. Among the models considered, only U(3)3LC is subject to additional
electroweak constraints, to be discussed in section 6.3.1.
We recall the standard Yukawa couplings (5.39) in matrix notation,
yˆu ≈ sLu · ULu · YU · U †Ru · sRu (6.2)
where
λLu = diag(λLu1, λLu2, λLu3) · ULu , (6.3)
λRu = U
†
Ru · diag(λRu1, λRu2, λRu3) , (6.4)
siiX = λXi/
√
1 + (λXi)2, X = L,R , (6.5)
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and similarly for yˆd. Here and in the following, the left-handed mixings are different for
u and d quarks, sLu 6= sLd, only in the bidoublet model. For later convenience we define
the parameters
xt ≡ λLt
λRt
, z ≡ λLt
λLb
. (6.6)
6.1.1 Oblique corrections
As well known, the S parameter receives a tree-level contribution, which for degenerate
composite vectors reads [47]
S =
8piv2
m2ρ
, (6.7)
independently of the choice of fermion representations. It is also well known that S and
T both get at one loop model-independent “infrared-log” contributions [138]
Sˆ =
(
v
f
)2
g2
96pi2
log
mρ
mh
, Tˆ = −
(
v
f
)2
3g2t2w
32pi2
log
mρ
mh
. (6.8)
where Sˆ = αem/(4s
2
w)S and Tˆ = αemT .
Experimentally, a recent global electroweak fit after the discovery of the Higgs boson
[53] finds S − SSM = 0.03 ± 0.10 and T − TSM = 0.05 ± 0.12. Requiring 2σ consistency
with these results of the tree level correction to S, eq. (6.7), which largely exceeds the
infrared logarithmic contribution of (6.8) and has the same sign, gives the bound
mρ > 2.6 TeV . (6.9)
The one loop correction to the T parameter instead strongly depends on the choice
of the fermion representations. We present here simplified formulae valid in the three
models (5.40), (5.42) and (5.44) for a common fermion resonance mass mψ and developed
to first nonvanishing order in λLt, λRt, as such only valid for small sLt, sRt.
In the doublet model the leading contribution to Tˆ , proportional to λ4Rt, reads
Tˆ =
71
140
Nc
16pi2
m2t
m2ψ
Y 2
x2t
. (6.10)
In the bidoublet model one obtains from a leading λ4Lt term
Tˆ = −107
420
Nc
16pi2
m2t
m2ψ
x2tY
2
U . (6.11)
In the triplet model the leading contributions are
Tˆ =
(
log
Λ2
m2ψ
− 1
2
) Nc
16pi2
m2t
m2ψ
Y 3
ytxt
, and Tˆ =
197
84
Nc
16pi2
m2t
m2ψ
x2tY
2 , (6.12)
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
T 0.28 Y/xt 0.51
√
Y 3/xt, 0.60 xtY 0.25 xtYU
Rb (g
L
Zbb) 5.6
√
xtY 6.5 YD
√
xt/YU/z
B → Xsγ (gRWtb) 0.44
√
Y/xt 0.44
√
Y/xt 0.61
Table 6.1. Lower bounds on the fermion resonance mass mψ = Y f in TeV from electroweak
precision observables. A blank space means no significant bound.
where the first comes from λ2Rt and the second from λ
4
Lt. Note the logarithmically diver-
gent contribution to the λ2Rt term that is related to the explicit breaking of the SU(2)R
symmetry in the elementary-composite fermion mixing and would have to be cured in a
more complete model. More details on the derivation of formulae (6.10), (6.11) and (6.12)
are given in appendix C.
Imposing the experimental bound at 2σ, eqs. (6.10), (6.11), (6.12) give rise to the
bounds on the first line in table 6.1 (where we set log (Λ/mψ) = 1). Here however there
are two caveats. First, as mentioned, these equations are only valid for small mixing
angles. Furthermore, for moderate values of f , a cancellation could take place between
the fermionic contributions and the infrared logs of the bosonic contribution to T . As
we shall see, the bounds from S and T are anyhow not the strongest ones that we will
encounter: they are compatible with mψ . 1 TeV for Y = 1 to 2 and gρ = 3 to 5. Note
that here and in the following mψ represents the mass of the composite fermions that
mix with the elementary ones, whereas, as already noticed, the “custodians” have mass
mψ/
√
1 + (λX)2.
6.1.2 Modified Z couplings
In all three models for the electroweak structure, fields with different SU(2)L quantum
numbers mix after electroweak symmetry breaking, leading to modifications in Z couplings
which have been precisely measured at LEP. Independently of the flavour structure, an
important constraint comes from the Z partial width into b quarks, which deviates by
2.5σ from its best-fit SM value [53]
Rexpb = 0.21629(66) , R
SM
b = 0.21474(3) . (6.13)
Writing the left- and right-handed Z couplings as
g
cw
b¯γµ
[
(−1
2
+ 1
3
s2w + δg
L
Zbb)PL + (
1
3
s2w + δg
R
Zbb)PR
]
bZµ , (6.14)
one gets
δgLZbb =
v2Y 2D
2m2D
xyt
YU
a+
g2ρv
2
4m2ρ
xyt
YU
b , δgRZbb =
v2Y 2D
2m2D
y2bYU
xtytY 2D
c+
g2ρv
2
4m2ρ
y2bYU
xtytY 2D
d , (6.15)
with the coefficients
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doublet triplet bidoublet
a 1/2 0 1/(2z2)
b 1/2 0 1/z2
doublet triplet bidoublet
c −1/2 −1/2 0
d −1/2 −1 0
The vanishing of some entries in (6.15) can be simply understood by the symmetry con-
siderations of ref. [139]. As manifest from their explicit expressions the contributions
proportional to a and c come from mixings between elementary and composite fermions
with different SU(2) × U(1) properties, whereas the contributions proportional to b and
d come from ρ-Z mixing. Taking YU = YD = Y , mD = Y f and mρ = gρf , all these
contributions scale however in the same way as 1/(f 2Y ).
It is important to note that δgLZbb is always positive or 0, while δg
R
Zbb is always negative
or 0, while the sign of the SM couplings is opposite. As a consequence, in all 3 models
considered, the tension in eq. (6.13) is always increased. Allowing the discrepancy to be
at most 3σ, we obtain the numerical bounds in the second row of table 6.1. The bound
on mψ in the doublet model is highly significant since xtY > 1, whereas it is irrelevant in
the triplet model and can be kept under control in the bidoublet model for large enough
z (but see below). In the triplet model, there is a bound from the modification of the
right-handed coupling, which is however insignificant.
6.1.3 Right-handed W couplings
Analogously to the modified Z couplings, also the W couplings are modified after EWSB.
Most importantly, a right-handed coupling of the W to quarks is generated. The most
relevant experimental constraint on such coupling is the branching ratio of B → Xsγ,
because a right-handed Wtb coupling lifts the helicity suppression present in this loop-
induced decay in the SM [140]. Writing this coupling as
g√
2
δgRWtb(t¯γ
µPRb)W
+
µ , (6.16)
one gets
δgRWtb =
v2YUYD
2mQmU
yb
xtYU
a+
g2ρv
2
4m2ρ
yb
xtYU
b , (6.17)
with the coefficients
doublet triplet bidoublet
a 1 1 −2xtyt/Y
b 1 1 0
The coefficients in the bidoublet model vanish at quadratic order in the elementary-
composite mixings as a consequence of a discrete symmetry [139]. The nonzero value
for a in the table is due to the violation of that symmetry at quartic order [140]. The
contribution to the Wilson coefficient C7,8, defined as in [141], reads
C7,8 =
mt
mb
δgRWtb
Vtb
A7,8(m
2
t/m
2
W ) (6.18)
70 Flavour, electroweak observables and a 125 GeV composite Higgs
where A7(m
2
t/m
2
W ) ≈ −0.80 and A8(m2t/m2W ) ≈ −0.36.
Since the B → Xsγ decay receives also UV contributions involving composite dynam-
ics, we impose the conservative bound that the SM plus the infrared contributions above
do not exceed the experimental branching ratio by more than 3σ. In this way we find the
bound in the last row of table 6.1.
6.2 The anarchic model
In the anarchic model, the YU,D are anarchic matrices, with all entries of similar order,
and the Yukawa hierarchies are generated by hierarchical mixings λ. From a low energy
effective theory point of view, the requirement to reproduce the observed quark masses
and mixings fixes the relative size of the mixing parameters up to – a priori unknown –
functions of the elements in YU,D. We follow the common approach to replace functions of
Yukawa couplings by appropriate powers of “average” Yukawas YU∗,D∗, keeping in mind
that this introduces O(1) uncertainties in all observables. In this convention, assuming
λX3  λX2  λX1, the quark Yukawas are given by
yu = YU∗sLu1sRu1 , yc = YU∗sLu2sRu2 , yt = YU∗sLu3sRu3 . (6.19)
and similarly for the Q = −1/3 quarks. In the doublet and triplet models, the entries of
the CKM matrix are approximately given by
Vij ∼ sLi
sLj
, (6.20)
where i < j. Using eqs. (6.19) and (6.20), one can trade all but one of the sL,R for known
quark masses and mixings. We choose the free parameter as
xt ≡ sL3/sRu3. (6.21)
In the bidoublet model, instead of (6.20) one has in general two different contributions to
Vij
Vij ∼ sLdi
sLdj
± sLui
sLuj
. (6.22)
Given the values of all quark masses and mixings, the hierarchy λX3  λX2  λX1 is
only compatible with sLui/sLuj being at most comparable to sLdi/sLdj. In view of this,
the two important parameters are
xt ≡ sLt/sRt , z ≡ sLt/sLb . (6.23)
The requirement to reproduce the large top quark Yukawa (mt =
yt√
2
v)
yt = sLtYU∗sRt, (6.24)
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restricts xt to a limited range around one,
1
yt
YU∗
< xt <
YU∗
yt
, (6.25)
while we take z throughout to be greater than or equal to 1.
If the composite sector is flavour-anarchic, then all the possible flavour-violating oper-
ators of section 3.1 (with the composite fermions replacing the SM quarks) are generated
by the strong interaction with a suppression scale of at most Λ . 4pif . The presence of
these operators would be by far excluded by flavour bounds if there was a sizable commu-
nication of their effects to the elementary sector. Nevertheless, the smallness of the mass
mixings λ makes the situation different.
Any flavour-changing light-quark bilinear is obtained by mixing on the corresponding
composite-quark bilinear. The flavour effects are more suppressed for light quarks, which,
having a little amount of compositeness, have smaller mixing angles ϕi. Since those are
also the ones for which the flavour bounds are stronger, in many cases one gets results
consistent with a compositeness scale low enough to be natural. However, problems arise
if one considers CP violation in the neutral K system, for which the experimental bounds
are very strong (see section 3.3.2). With a compositeness scale f . TeV, even for an
appropriate choice of the other paramteres, the coefficient of Q4 is one or two orders of
magnitude above the experimental bound Im(C4) < 2.6× 10−11.
We now discuss constraints that are specific to the anarchic model, as defined above,
and that hold in addition to the bounds described in the previous section. From now on
we identify YU∗ and YD∗ with the parameter Y of (6.1).
6.2.1 Tree-level ∆F = 2 FCNCs
In the anarchic model exchanges of gauge resonances give rise to ∆F = 2 operators at
tree level. Up to corrections of order v2/f 2, the Wilson coefficients of the operators
QdLLV = (d¯
i
Lγ
µdjL)(d¯
i
Lγ
µdjL) , Q
dRR
V = (d¯
i
Rγ
µdjR)(d¯
i
Rγ
µdjR) , (6.26)
QdLRV = (d¯
i
Lγ
µdjL)(d¯
i
Rγ
µdjR) , Q
dLR
S = (d¯
i
Rd
j
L)(d¯
i
Ld
j
R) , (6.27)
can be written as
CdABX =
g2ρ
m2ρ
gijAdg
ij
Bdc
dAB
X , A,B = L,R, X = V, S, (6.28)
and with the obvious replacements for up-type quarks, relevant for D-D¯ mixing.
The couplings gijqA with i 6= j contain two powers of elementary-composite mixings. In
1In our numerical analysis, we will take yt = 0.78, which is the running ms coupling at 3 TeV.
72 Flavour, electroweak observables and a 125 GeV composite Higgs
doublet triplet bidoublet
cdLLV −1136 −2336 −2336
cdRRV −1136 −89 −29
cdLRV
5
36
−7
9
7
18
cdLRS 1 1 1
Table 6.2. Coefficients relevant for ∆F = 2 operators in anarchy and U(2)3.
the doublet and triplet models, one can use eqs. (6.19)–(6.21) to write them as
gijL ∼ sLdisLdj ∼ ξij
xtyt
Y
, (6.29)
gijRu ∼ sRuisRuj ∼
yuiyuj
Y ytxtξij
, (6.30)
gijRd ∼ sRdisRdj ∼
ydiydj
Y ytxtξij
, (6.31)
where ξij = VtjV
∗
ti . In the bidoublet model, one has
gijLd ∼ gijLu ∼ ξij
xtyt
YU
, gijRd ∼ z2
YU
Y 2D
ydiydj
ytxtξij
. gijRu ∼
yuiyuj
YUytxtξij
. (6.32)
The coefficients cABX can be written as
cdLLV = −
1
6
− 1
2
[
X(Q)2 + T3L(Q)
2 + T3R(Q)
2
]
, (6.33)
cdRRV = −
1
6
− 1
2
[
X(D)2 + T3L(D)
2 + T3R(D)
2
]
, (6.34)
cdLRV =
1
6
− [X(Q)X(D) + T3L(Q)T3L(D) + T3R(Q)T3R(D)] , (6.35)
cdLRS = 1 , (6.36)
where the first terms come from heavy gluon exchange and the terms in brackets from
neutral heavy gauge boson exchange. Q refers to the charge −1/3 fermion mixing with q
and D to the charge −1/3 fermion mixing with dR. In the bidoublet model, we consider
only the contribution from Qu for simplicity, which is enhanced if z > 1. The numerical
coefficients relevant for the models discussed above are collected in table 6.2.
The experimental bounds on the real and imaginary parts of the Wilson coefficients
have been given in [93, 142]. Since the phases of the coefficients can be of order one and
are uncorrelated, we derive the bounds assuming the phase to be maximal. We obtain the
bounds in the first eight rows of table 6.3. As is well known, by far the strongest bound,
shown in the first row, comes from the scalar left-right operator in the kaon system which
is enhanced by RG evolution and a chiral factor. Note in particular the growth with z of
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
K (Q
LR
S ) 14 14 14 z
K (Q
LL
V ) 2.7 xt 3.9 xt 3.9 xt
Bd-B¯d (Q
LR
S ) 0.7 0.7 0.7
Bd-B¯d (Q
LL
V ) 2.3 xt 3.4 xt 3.4 xt
Bs-B¯s (Q
LR
S ) 0.6 0.6 0.6
Bs-B¯s (Q
LL
V ) 2.3 xt 3.4 xt 3.4 xt
D-D¯ (QLRS ) 0.5 0.5 0.5
D-D¯ (QLLV ) 0.4 xt 0.6 xt 0.6 xt
KL → µµ (f–ψ) 0.56
√
Y/xt 0.56
√
Y/xt
KL → µµ (Z–ρ) 0.39
√
Y/xt 0.56
√
Y/xt
Table 6.3. Flavour bounds on the fermion resonance mass mψ in TeV in the anarchic model.
the bound in the bidoublet case, which counteracts the 1/z behaviour of the bound from
Rb. But also the left-left vector operators in the kaon, Bd and Bs systems lead to bounds
which are relevant in some regions of parameter space. The bounds from the D system
are subleading.
6.2.2 Flavour-changing Z couplings
Similarly to the modified flavour-conserving Z couplings discussed in section 6.1.2, also
flavour-changing Z couplings are generated in the anarchic model. In the triplet and
doublet models, as well as in the bidoublet model, since the down-type contributions to
the CKM matrix are not smaller than the up-type contributions in (6.22), one has
δgLZdidj ∼
sLdisLdj
s2Lb
δgLZbb ∼ ξij δgLZbb , (6.37)
δgRZdidj ∼
sRdisRdj
s2Rb
δgRZbb ∼
ydiydj
y2b ξij
δgRZbb . (6.38)
In the b→ s case, a global analysis of inclusive and exclusive b→ s`+`− decays [141]
finds |δgL,RZbs | . 8 × 10−5, while in the s → d case, one finds |δgL,RZsd| . 6 × 10−7 from the
KL → µ+µ− decay [143].2 Using (6.37) one finds that the resulting constraints on the
left-handed coupling are comparable for b→ s and s→ d. Since they are about a factor
of 3 weaker than the corresponding bound from Z → bb¯, we refrain from listing them
in table 6.3, but their presence shows that the strong bound from Rb cannot simply be
2The decay K+ → pi+νν¯ leads to a bound |δgL,RZsd | . 3×10−6 at 95% C.L. and is thus currently weaker
than KL → µ+µ−, even though it is theoretically much cleaner.
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circumvented by a fortuitous cancellation. In the case of the right-handed coupling, one
finds that the constraint from KL → µ+µ− is an order of magnitude stronger than the one
from b → s`+`−, and also much stronger than the bound on the right-handed coupling
coming from Z → bb¯. The numerical bounds we obtain are shown in the last two rows
of table 6.3 from the contributions with fermion or gauge boson mixing separately since,
in constrast to Z → bb¯, the two terms are multiplied by different O(1) parameters in the
flavour-violating case.
6.2.3 Loop-induced chirality-breaking effects
Every flavour changing effect discussed so far originates from tree-level chirality-conserving
interactions of the vector bosons, either the elementary Wµ and Zµ or the composite ρµ.
At loop level, chirality-breaking interactions occur as well, most notably with the photon
and the gluon, which give rise in general to significant ∆F = 1 flavour-changing effects
(b→ sγ, ′K , ∆ACP (D → PP )), as well as to electric dipole moments of the light quarks.
In the weak mixing limit between the elementary and the composite fermions, explicit
calculations of some of the ∆F = 1 effects have been made in [144, 140, 145], obtaining
bounds in the range mψ > (0.5–1.5)Y TeV. For large CP-violating phases the generated
EDMs for the light quarks can be estimated consistent with the current limit on the
neutron EDM only if mψ > (3–5)Y TeV, where the limit is obtained from the analysis
of [2].
6.2.4 Direct bounds on vector resonances
Direct production of vector resonances and subsequent decay to light quarks can lead to
a peak in the invariant mass distribution of pp→ jj events at the LHC. The production
cross section of a gluon resonance in pp collisions reads
σ(pp→ G∗) = 2pi
9s
[
(|guL|2 + |guR|2)Luu¯(s,m2ρ) + (|gdL|2 + |gdR|2)Ldd¯(s,m2ρ)
]
, (6.39)
where
Lqq¯(s, s˜) =
∫ 1
sˆ/s
dx
x
fq(x, µ)fq¯
(
s˜
xs
, µ
)
(6.40)
is the parton-parton luminosity function at partonic (hadronic) center of mass energy
√
s˜
(
√
s) and the couplings gu,dL,R are defined as L ⊃ u¯LγµT aguLuLG∗µ. The total width reads
Γ(G∗ → qq¯) =
∑
q=u,d
3∑
i=1
mρ
48pi
(
|gqiL |2 + |gq
i
R |2
)
(6.41)
while the branching ratio to dijets is simply the width without the top contribution divided
by the total width.3 The coupling of a first generation quark mass eigenstate to a heavy
3Neglecting the top quark mass in the kinematics, which is a good approximation for multi-TeV
resonances still allowed by the constraints
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vector resonance receives contributions from fermion composite-elementary mixing as well
as vector boson composite-elementary mixing. For example, the coupling of the up quark
to the gluon resonance reads
u¯γµT a
(
gρs
2
LuPL + gρs
2
RuPR +
g23
gρ
)
uG∗µ . (6.42)
In the anarchic model, due to the small degree of compositeness of first generation quarks,
the coupling of vector resonances to a first generation quark-antiquark pair is dominated
by mixing with the SM gauge bosons and thus suppressed by g2el/gρ. For a 3 TeV gluon
resonance at the LHC with
√
s = 8 TeV we expect
σ(pp→ G∗) = 2pi
9s
g43
g2ρ
[Luu¯(s,m2ρ) + Ldd¯(s,m2ρ)] ≈ 5 fbg2ρ . (6.43)
The ATLAS collaboration has set an upper bound of 7 fb on the cross section times
branching ratio to two jets times the acceptance [146], and a similar bound has been
obtained by CMS [147]. Given that the gluon resonance will decay dominantly to top
quarks, we conclude that the bound is currently not relevant, even for small gρ.
A similar argument holds in the case of the dijet angular distribution, which can be
used to constrain local four-quark operators mediated by vector resonances. Following
the discussion in section 6.3.4, in the limit of vanishing elementary-composite mixings for
the light generations we obtain the bound
mρ >
4.5 TeV
gρ
(6.44)
which, in combination with the bound on mρ from the S parameter, is irrelevant for
gρ & 1.5.
6.3 A flavour-symmetric composite sector: U(3)3
One way to describe flavour in partial composite models, introduced in [148],4 is to assume
that a sufficiently large flavour symmetry is respected by the strong sector, and shared by
some of the elementary fermions. In this way one tries to ameliorate the flavour problem
of the anarchic model, at the price of giving up the potential dynamical explanation of
the generation of flavour hierarchies.
Concretely, in the U(3)3 models [149,148,150] one assumes the strong sector – i.e. the
Yukawa couplings5 of the heavy fermions as well as their mass terms in (5.40), (5.42) or
(5.44) – to be invariant under the diagonal group U(3)Q+U+D or U(3)Qu+U × U(3)Qd+D.
Furthermore, to minimize possible new flavour effects, one assumes that this symmetry
is extended to a subset of the elementary quarks. The composite-elementary mixings
4But actually effectively implemented before in a 5-dimensional example in [149].
5We omit the Yukawa terms λ˜U Q¯
u
RHUL+λ˜DQ¯
d
RH˜DL+h.c., since they do not affect our considerations.
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are the only sources of breaking of the flavour symmetry of the composite sector and of
the U(3)q × U(3)u × U(3)d flavour symmetry of the elementary sector. We consider two
choices:
1. In left-compositeness, to be called U(3)3LC in short, the left mixings are proportional
to the identity, thus linking qL to Q into U(3)Q+U+D+q in the doublet and triplet
models. In the bidoublet model, since qL couples to both Q
u and Qd, the symmetry
group U(3)Qu+U×U(3)Qd+D is broken down to U(3)Qu+Qd+U+D+q. The right mixings
λRu, λRd are the only source of U(3)
3 breaking.
2. In right-compositeness, to be called U(3)3RC in short, the right mixings link uR to U
and dR to D into U(3)Qu+U+u×U(3)Qd+D+d, while the left mixings λLu, λLd are the
only source of U(3)3 breaking.
In the two cases the flavour-violating λ’s transform under the U(3)3 symmetry as (3, 3¯,1)
and (3,1, 3¯), playing the role of the spurions of MFV.
All the composite-elementary mixings are then fixed by the known quark masses and
CKM angles, up to the parameters xt (and, in the bidoublet model, z), which are defined
as in (6.21),(6.23). Compared to the anarchic case, one now expects the presence of
resonances related to the global symmetry U(3)Q+U+D or U(3)Qu+U ×U(3)Qd+D, which in
the following will be called flavour gauge bosons6 and assumed to have the same masses mρ
and gρ as the gauge resonances. Note that left-compositeness can be meaningfully defined
for any of the three cases for the fermion representations, whereas right-compositeness
allows to describe flavour violations only in the bidoublet model.
The limited ability to calculate in a strongly interacting theory makes it seem difficult
to go beyond EFT considerations. Due to the specific way of flavour breaking by mass
mixings this is actually not the case: only some of the flavour breaking operators survive
among the ones discussed in section 3.4.1. As we will illustrate, there are substantial
differences if compared with generic EFT theory expectations, with a neat distinction
between Right- and Left-compositeness. We are interested in the relevant flavour violating
operators involving the elementary fields to all orders in the strong interaction dynamics,
i.e. after integrating out the heavy composite degrees of freedom.
We now discuss the constraints specific to U(3)3. In U(3)3LC the sizable degree of
compositeness of light left-handed quarks leads to additional contributions to electroweak
precision observables; in U(3)3RC FCNCs arise at the tree level. In both cases collider
bounds on the compositeness of light quarks place important constraints. This analysis
follows and extends the analysis in [150].
6.3.1 Electroweak precision constraints specific to U(3)3
The bounds from Rb as well as the S and T parameters discussed in section 6.1 are also
valid in U(3)3, with one modification: in U(3)3LC the contributions to the Tˆ parameter
6We will only allow flavour gauge bosons related to the SU(3) subgroups of the U(3) factors.
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proportional to s4Lt have to be multiplied by 3 since all three generations of left-handed
up-type quarks contribute. The corresponding bounds remain nevertheless relatively mild.
In addition, an important constraint arises from the partial width of the Z into hadrons
normalized to the partial width into leptons, which was measured precisely at LEP
Rexph = 20.767(25) , R
SM
h = 20.740(17) , (6.45)
showing a 1.1σ tension with the best-fit SM prediction [53].
In U(3)3LC the modified left-handed Z couplings of up and down quarks are equal to
the ones of the t and b respectively, while the same is true in U(3)3RC for the right-handed
modified couplings. Analogously to the discussion in section 6.1.2, one can write the
modified Z coupling of the top as
g
cw
t¯γµ
[
(1
2
− 2
3
s2w + δg
L
Ztt)PL + (−23s2w + δgRZtt)PR
]
tZµ , (6.46)
and one has
δgLZtt =
v2Y 2U
2m2U
xtyt
YU
a+
g2ρv
2
4m2ρ
xtyt
YU
b , δgRZtt =
v2Y 2U
2m2U
yt
xtYU
c+
g2ρv
2
4m2ρ
yt
xtYU
d , (6.47)
with
doublet triplet bidoublet
a −1/2 −1 −1/2
b −1/2 −1 −1
doublet triplet bidoublet
c 1/2 0 0
d 1/2 0 0
Since the right-handed Z coupling to b and t receives no contribution in the bidoublet
model, there is no additional bound from Rh in U(3)
3
RC. In U(3)
3
LCwe find the numerical
bounds shown in table 6.4.
In U(3)3LC an additional bound arises from violations of quark-lepton universality.
Writing the W couplings as
g√
2
(1 + δgLW )u¯ Vuiγ
µPLdiW
+
µ , (6.48)
we find
δgLW =
Y 2Uv
2
2m2U
xtyt
YU
au +
Y 2Dv
2
2m2D
xtyt
YU
ad +
g2ρv
2
4m2ρ
xtyt
YU
b , (6.49)
with
doublet triplet bidoublet
au −1/2 −1/2 −1/2
ad −1/2 −1/2 −1/(2z2)
b −1 −1 −1
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The usual experimental constraint on the strength of the Wu¯di couplings, normalized to
the leptonic ones, is expressed by (1 + δgLW )
2
∑
i |Vui|2− 1 = (−1± 6)× 10−4, which, from
the unitarity of the Vij matrix, becomes 2δg
L
W = (−1 ± 6) × 10−4. By requiring it to be
fulfilled within 2σ, we find the numerical bounds in table 6.4.
Finally we note that, in contrast to the anarchic case, there are no flavour-changing Z
couplings neither in U(3)3LC nor in U(3)
3
RC. In the former case this is a general property
of chirality-conserving bilinears (see next section), while in the latter it is a consequence
of the fact that only the down-type mixings λLd affect the Z vertex, which thus becomes
flavour-diagonal in the mass basis.
6.3.2 Tree-level ∆F = 2 FCNCs
In U(3)3RC the effective Yukawa couplings have the form
q¯LsˆLuYUsRuuR, q¯LsˆLdYDsRddR, (6.50)
where sˆLu is a generic 3× 3 mixing matrix and YU , sRu are both proportional to the unit
matrix. In U(3)3LC the role of the mixings is reversed and the Yukawa couplings take the
form
q¯LsLuYU sˆRuuR, q¯LsLdYDsˆRddR. (6.51)
At the same time, before going to the physical basis, the relevant interactions with the
composite resonances have the form in U(3)3RC
ρµ(q¯LsˆLuγµsˆ
†
LuqL), (6.52)
and in U(3)3LC
ρµ(q¯LsLuγµs
∗
LuqL). (6.53)
In U(3)3RC the physical bases for up and down quarks are reached by proper 3× 3 unitary
transformations that diagonalize sˆLu and sˆLd
UuL sˆLuU
u†
R = sˆ
diag
Lu U
d
LsˆLdU
d†
R = sˆ
diag
Ld , (6.54)
so that the CKM matrix is V = UuLU
d†
L . In the same physical basis the interaction (6.52)
in the down sector becomes
ρµ(d¯LV
†sˆdiagLu γµ(sˆ
diag
Lu )
∗V dL) ≈ ρµs2Ltξij(d¯LiγµdLj), ξij = V ∗tiVtj. (6.55)
Note that the ratio of the third to the second entry in sˆdiagLu equals yt/yc. On the other
hand a similar procedure for U(3)3LC leaves (6.53) unaltered since sLu is proportional to
the identity matrix.
Equations (6.53) and (6.55) make clear that, while in U(3)3LC there are no tree-level
FCNCs at all [150], minimally flavour violating tree-level FCNCs are generated in U(3)3RC
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
Rh 7.2
√
xtY 6.0
√
xtY 4.9
√
xtYU
VCKM 7.4
√
xtY 7.4
√
xtY 6.0
√
xtYU
pp→ jj ang. dist. 3.4 xt 4.2 xt 4.2 xt
Table 6.4. Lower bounds on the fermion resonance mass mψ in TeV in U(3)
3
LC.
Observable Bounds on mψ [TeV]
K(Q
LL
V ) 3.7 xt
Bd-B¯d 3.2 xt
Bs-B¯s 3.6 xt
pp→ jj ang. dist. 3.0/xt
Table 6.5. Lower bounds on the fermion resonance mass mψ in TeV in U(3)
3
RC (bidoublet
model).
[1, 151]. The Wilson coefficients of ∆F = 2 operators are given by (6.28), with the
couplings
gijLd = ξij
xtyt
YU
, gijRd ≈ 0 . (6.56)
The coefficients cqABX are not the ones listed in table 6.2, since in U(3)
3 there is an
additional contribution to (6.33)–(6.36) from flavour gauge bosons. However the only
relevant ∆F = 2 operator is QdLLV in U(3)
3
RC, for which one obtains c
dLL
V = −29/36
instead of the value reported in the table.
One obtains the bounds shown in table 6.5. The bound from D-D¯ mixing turns out
to be numerically irrelevant.
We stress that, in contrast to the anarchic case, there is no O(1) uncertainty in these
bounds since the composite Yukawas are proportional to the identity. Furthermore, since
the model is minimally flavour violating, there is no contribution to the meson mixing
phases and the new physics effects in the K, Bd and Bs systems are prefectly correlated.
6.3.3 Loop-induced chirality-breaking effects
Flavour-changing chirality-breaking effects in U(3)3 occur only when elementary-composite
mixings are included inside the loops. At least for moderate mixings, the bounds are of
the form mψ > (0.5–1.5)
√
Y/xt TeV in the U(3)
3
LC case, or mψ > (0.5–1.5)
√
Y xt TeV
in the U(3)3RC case. The stronger bounds from quark EDMs, similar to the ones of the
anarchic case, disappear if the strong sector conserves CP. This is automatically realized,
in our effective Lagrangian description, if the “wrong chirality” Yukawas vanish or are
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aligned in phase with the Y ’s. On the contrary, in the anarchic case this condition is in
general not sufficient to avoid large EDMs.
6.3.4 Compositeness constraints
Since one chirality of first-generation quarks has a sizable degree of compositeness in
the U(3)3 models, a significant constraint arises from the angular distribution of high-
mass dijet events at LHC, which is modified by local four-quark operators obtained after
integrating out the heavy vector resonances related to the global SU(3)c × SU(2)L ×
SU(2)R×U(1)X as well as the flavour symmetry in the strong sector, U(3) in the case of
U(3)3LC and U(3)× U(3) in the case of U(3)3RC.
In general, there are ten four-quark operators relevant in the dijet angular distribution
[152], which we list here for convenience
O(1)uu = (u¯RγµuR)(u¯RγµuR) , O(1)dd = (d¯RγµdR)(d¯RγµdR) ,
O(1)ud = (u¯RγµuR)(d¯RγµdR) , O(8)ud = (u¯RγµTAuR)(d¯RγµTAdR) ,
O(1)qq = (q¯LγµqL)(q¯LγµqL) , O(8)qq = (q¯LγµTAqL)(q¯LγµTAqL) ,
O(1)qu = (q¯LγµqL)(u¯RγµuR) , O(8)qu = (q¯LγµTAqL)(u¯RγµTAuR) ,
O(1)qd = (q¯LγµqL)(d¯RγµdR) , O(8)qd = (q¯LγµTAqL)(d¯RγµTAdR) . (6.57)
The coupling of a first generation quark mass eigenstate to a heavy vector resonance was
given in (6.42). Neglecting electroweak gauge couplings, one can then write the Wilson
coefficients of the above operators in general as
C
(1,8)
ab =
g2ρ
m2ρ
[
s2as
2
bc
(1,8)
ab +
(
g43
g4ρ
− (s2a + s2b)
g23
g2ρ
)
d
(1,8)
ab
]
, (6.58)
where (a, b) = (q, u, d) and s2u,d ≡ s2Ru,d, s2q ≡ s2L (in the bidoublet model, for simplicity we
will neglect terms with s2Ld over terms with s
2
Lu). The numerical coefficients c
(1,8)
ab depend
on the electroweak structure and on the flavour group and are collected in table 6.6
together with the d
(1,8)
ab .
The only relevant operators in U(3)3LC are O(1,8)qq . Their Wilson coefficients read
C(1)qq = −
a
36
g2ρ
m2ρ
(
xtyt
YU
)2
, C(8)qq = −
g2ρ
m2ρ
(
xtyt
YU
)2
, (6.59)
where a = 5 in the doublet model and a = 17 in the triplet and bidoublet models. Using
the updated version of [152], we obtain the bound in the last row of table 6.4. In U(3)3RC
the operators with right-handed quarks are relevant, i.e. O(1)uu,dd,ud and O(8)ud . Numerically,
we find the bound on O(1)uu to give the most significant constraint on the model parameters.
Its Wilson coefficient reads
C(1)uu = −
5
9
g2ρ
m2ρ
(
yt
xtYU
)2
. (6.60)
and the resulting numerical constraint is shown in the last row of table 6.5.
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c
(1)
uu c
(1)
dd c
(1)
ud c
(8)
ud c
(1)
qq c
(8)
qq c
(1)
qu c
(8)
qu c
(1)
qd c
(8)
qd
doublet U(3)3LC −1736 −1736 −19 −1 − 536 −1 −1336 −1 −1336 −1
triplet U(3)3LC −59 −1918 −79 −1 −1736 −1 −79 −1 −79 −1
bidoublet U(3)3LC −59 − 718 −19 −1 −1736 −1 −79 −1 −19 −1
bidoublet U(3)3RC −59 − 718 29 −1 −1736 −1 −79 −1 29 −1
d
(1)
uu d
(1)
dd d
(1)
ud d
(8)
ud d
(1)
qq d
(8)
qq d
(1)
qu d
(8)
qu d
(1)
qd d
(8)
qd
all models −1
6
−1
6
0 −1 0 −1
2
0 −1 0 −1
Table 6.6. Coefficients c
(1,8)
ab relevant for dijet bounds in the doublet, triplet and bidoublet
models as well as the coefficients d
(1,8)
ab , which are independent of the flavour and electroweak
groups.
6.3.5 Direct bounds on vector resonances
As discussed in section 6.2.4, direct bounds on mρ are obtained from searches for peaks in
the invariant mass of dijets at LHC. In U(3)3 the production cross sections can be larger
than in the anarchic case due to the sizable degree of compositeness of first-generation
quarks, which causes a large contribution to (6.42) coming from fermion mixings. Ne-
glecting the contribution due to mixing of the vector resonances with the gauge bosons,
the production cross section of a gluon resonance reads
σ(pp→ G∗) = 2pi
9s
g2ρ
[
s4L,RuLuu¯(s,m2ρ) + s4L,RdLdd¯(s,m2ρ)
]
, (6.61)
where the L’s are the parton-parton luminosity functions (6.40), and where the L is
valid in U(3)3LC and the R in U(3)
3
RC. In U(3)
3
LC the branching ratio to two jets reads
approximately
BR(G∗ → jj) = 2s
4
Lu + 3s
4
Ld + s
4
Rb
3s4Lu + s
4
Rt + 3s
4
Ld + s
4
Rb
, (6.62)
and is typically larger than in the anarchic case. Similarly, in U(3)3RC one has
BR(G∗ → jj) = 2s
4
Ru + s
4
Lb + 3s
4
Rd
s4Lt + 3s
4
Ru + s
4
Lb + 3s
4
Rd
. (6.63)
To judge if the most recent experimental bounds by ATLAS [146] and CMS [147] have
already started to probe the U(3)3 parameter space, we evaluate the cross section for
maximal mixing, i.e. xt = Y/yt in U(3)
3
LC and xt = yt/Y in U(3)
3
RC, for a 3 TeV gluon
resonance, i.e. only marginally heavier than allowed by the S parameter (cf. table 6.1).
For U(3)3LC we obtain
σ(pp→ G∗) ≈ 13g2ρ fb , BR(G∗ → jj) ≈ 58% (83%) for Y = 1 (4pi) , (6.64)
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and for U(3)3RC
σ(pp→ G∗) ≈ 30g2ρ fb , BR(G∗ → jj) ≈ 69% (67%) for Y = 1 (4pi) . (6.65)
This is to be compared to the ATLAS bound σ×BR×A < 7 fb, where A is the acceptance.
We conclude that, assuming an acceptance of the order of 60% [146], maximal mixing is
on the border of exclusion in U(3)3LC and already excluded in U(3)
3
RC for a 3 TeV gluon
resonance. We note however that maximal mixing is already disfavoured by the indirect
bounds discussed above.
6.4 A flavour-symmetric composite sector: U(2)3
In U(2)3 models one considers the U(2)q×U(2)u×U(2)d symmetry described in chapter 4,
under which the first two generations of quarks transform as doublets and the third gen-
eration as singlets, broken in specific directions dictated by minimality [72,1]. Compared
to U(3)3, one has a larger number of free parameters, but can break the flavour symmetry
weakly, since the large top Yukawa is invariant under U(2)3. Let us define
Qu =
(
Qu
Qu3
)
, U =
(
U
T
)
, qL =
(
qL
q3L
)
, uR =
(
uR
tR
)
, (6.66)
where the first two generation doublets are written in boldface, and the same for down-
type quarks.
Analogously to the U(3)3 case, in the strong sector the flavour groups are U(2)Q+U+D
or U(2)Qu+U × U(2)Qd+D, and again we expect the presence of flavour gauge bosons
associated with the global symmetries of the strong sector.
We consider the two following situations:
1. In left-compositeness, to be called U(2)3LC, the left mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)3 breaking reside
in the right-handed mixings.
2. In right-compositenss, to be called U(2)3RC, the right mixings are diagonal with the
first two entries equal to each other and the only sources of U(2)3 breaking reside
in the left-handed mixings.
As before right-compositeness can be meaningfully defined only in the bidoublet model.
The mixing Lagrangians in the two cases are respectively7
LU(2)3LCmix = mU3λLu3 q¯3LQu3R +mU2λLu2 q¯LQuR +mU3λRu3 T¯LtR
+mU2 du (U¯LV )tR +mU2 U¯L∆uuR + h.c. + (u, U, t, T → d,D, b, B) (6.67)
7We write the Lagrangians for the bidoublet model. The doublet and triplet cases are analogous, with
Qu and Qd replaced by a single Q.
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and
LU(2)3RCmix = mU3λRu3 T¯LtR +mU2λRu2 U¯LuR +mU3λL(u)3 q¯3LQu3R
+mU3 du (q¯LV )Q
u
3R +mU2 q¯L∆uQ
u
R + h.c. + (u, U, t, T → d,D, b, B). (6.68)
The diagonal mixings in the first line of (6.67) and (6.68) break the symmetry of the
strong sector down to U(2)q×U(2)u×U(2)d. This symmetry is in turn broken minimally
by the spurions V , ∆u and ∆d transforming as in (4.1), (4.2). Here we do not discuss the
case of generic U(2)3 breaking [2].
Using U(2)3 transformations of the quarks they can be put in the simple form
V =
(
0
L
)
, ∆u =
(
cu sue
iαu
−sue−iαu cu
)(
λXu1 0
0 λXu2
)
, (u↔ d), (6.69)
where X = R,L in left- and right-compositeness, respectively. The SM Yukawa couplings
(6.2) can be written in terms of the spurions as
yˆu =
(
au ∆u bte
iφtV
0 yt
)
, yˆd =
(
ad ∆d bbe
iφbV
0 yb
)
, (6.70)
where
yt = YU3sLu3sRu3, (6.71)
au = YU2sLu2, bt = YU2sLu2 du, in left-compositeness, (6.72)
au = YU2sRu2, bt = YU3sRu3 du, in right-compositeness, (6.73)
sXi = λXi/
√
1 + (λXi)2, and similarly for ad, bb and yb. Here and in the following we
consider all the parameters real, factoring out the phases everywhere as in (6.70). The yˆu,d
are diagonalized to a sufficient level of approximation by the pure unitary transformations
of the left-handed quarks8
Uu '
 cu sueiαu −sustei(αu+φt)−sue−iαu cu −custeiφt
0 ste
−iφt 1
 , Ud '
 cd sdeiαd −sdsbei(αd+φb)−sde−iαd cd −cdsbeiφb
0 sbe
−iφb 1
 ,
(6.74)
where
st = YU2sLu2
duL
yt
, sb = YD2sLd2
ddL
yb
, in left-compositeness, (6.75)
st = YU3sRu3
duL
yt
, sb = YD3sRd3
ddL
yb
, in right-compositeness. (6.76)
8Redefining the phases of the quarks one can move all the phases in yˆu to yˆd, in which case one recovers
the transformations Lu and Ud of (4.14). Here we choose a different convention for simplicity.
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q3L Qu,d3 Q
u,d
3
q3L
ρµ
qL Qu,d Qu,d qL
ρµ
Figure 6.1. Leading contribution to flavour conserving bilinears in U(2)3LC. Flavour violation
arises after rotating to the physical quark basis, because of the mismatch between the coefficients
of the q¯3Lγµq3L and q¯LγµqL currents.
The CKM matrix is V = UuU
†
d and, after a suitable redefinition of quark phases, takes
the form (4.16).
In U(2)3LC and U(2)
3
RC the first and second generation elementary-composite mixings
are expected to be significantly smaller than the third generation ones, so that the elec-
troweak precision constraints and the collider phenomenology are virtually identical to
the anarchic case and the most serious problems plaguing the U(3)3 models are absent.
The most important difference concerns the flavour constraints.
6.4.1 Tree-level ∆F = 2 FCNCs
The Wilson coefficients of ∆F = 2 operators generated in U(2)3LC and U(2)
3
RC are again
given by (6.28). Since in U(2)3 all the flavour effects are generated by mixing with third
generation partners, which are not charged under any of the U(2) flavour groups, there is
no relevant additional effect coming from flavour gauge bosons, and also the coefficients
of table 6.2 are valid.
Equations (6.52), (6.53) remain formally true in U(2)3 as well, with the following qual-
ifications. YU , sRu, sLu are no longer proportional to the identity but are still diagonal with
only the first two entries equal to each other. At the same time minimal breaking of U(2)3
leads to a special form of the matrices sˆLu, sˆRu that allows to diagonalize approximately
the Yukawa couplings by pure left unitary transformations of the form (6.74).
In U(2)3RC these transformations lead to exactly the same equation as (6.55), and the
flavour-changing couplings are the same as in U(3)3RC,
gi3Ld = ξi3
xtyt
YU
, g12Ld = ξ12
xtyt
YU
, gijRd ≈ 0 . (6.77)
Thus, as in U(3)3RC, there is no new phase in meson-antimeson mixing and the NP effects
in the K, Bd and Bs systems are perfectly correlated. The resulting bounds are shown in
table 6.7.
In the U(2)3LC case, instead, the analogous of equation (6.53) in the down sector
becomes
ρµ(d¯LUdsLuγµs
∗
LuU
†
ddL) ≈ ρµs2Ltχij(d¯LiγµdLj), χij = Udi3Ud∗j3 . (6.78)
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Observable Bounds on mψ [TeV]
K(Q
LL
V ) 3.3 xt
Bd-B¯d 2.8 xt
Bs-B¯s 3.1 xt
Table 6.7. Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
RC (bidoublet
model).
Remember that, contrary to the U(3)3RC case, sLu, although still diagonal, is not pro-
portional to the unit matrix. Hence a flavour violation survives (see figure 6.1), with
flavour-changing couplings that read
gi3Ld = ξi3 rb
xtyt
YU
, g12Ld = ξ12 |rb|2
xtyt
YU
, gijRd ≈ 0 , (6.79)
where
rb ≡ sb
s
ei(χ−φb) (6.80)
is a free complex parameter, and sbe
iφb − steiφt ≡ seiχ. As a consequence there is a new,
universal phase in Bd and Bs mixing, while the K-K¯ amplitude is aligned in phase with
the SM. We find the bounds in table 6.8.
Note that in U(2)3LC, for YU2 ∼ YD2 ∼ O(1) and du, dd . O(1), (6.75) leads to two
possibilities:
1. st  sb, i.e. |rb| ≈ 1;
2. st ∼ sb ∼ |Vcb|, which allows |rb| to deviate from 1 but requires at the same time
sLu2L ∼ |Vcb|.
In the first case one would have mψ & 1–1.5 TeV from the flavour bounds of table 6.8,
while in the second case, if the parameter |rb| is somewhat less than 1, these bounds can
be in agreement with experiment even for light fermion resonances. One can obtain a
minimal value of mψ ' 0.6 TeV for |rb| ∼ 0.25 and Y ∼ 1. However, to avoid a too large
U(2)3-breaking – i.e. a large L – the mixing angle of the first generations quarks sLu2
cannot be too small. This in turn has to be confronted with the lower bounds on mψ from
Rh, VCKM and the dijet angular distribution shown in table 6.9: to make them consistent
with mψ ' 0.6 TeV, it must be L & 0.3. Note anyhow that we are not treating L as an
expansion parameter.
In the bidoublet model, in addition to (6.78) there are also the terms coming from the
mixing with the Q¯dγµQ
d current, which are suppressed as 1/z2. In the up-quark sector
with right-compositeness only this suppressed contribution from Qd gives rise to flavour
violation, while in left-compositeness the analog of (6.78) holds, with Ud replaced by Uu.
Note that the contribution to the ∆C = 2 operator is proportional to |1−rb|2, so it cannot
be reduced simultaneously with the contribution in the down-quark sector. However,
it turns out that it is numerically insignificant. Since furthermore the contribution is
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Observable Bounds on mψ [TeV]
doublet triplet bidoublet
K(Q
LL
V ) 2.3 xt|rb|2 3.3 xt|rb|2 3.3 xt|rb|2
Bd-B¯d 2.3 xt|rb| 3.4 xt|rb| 3.4 xt|rb|
Bs-B¯s 2.3 xt|rb| 3.4 xt|rb| 3.4 xt|rb|
KL → µµ 3.8
√
xtY |rb| 3.8 YD|rb|
√
xt/YU/z
b→ s`` 3.5 √xtY |rb| 3.5 YD√xt|rb|/YU/z
Table 6.8. Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
LC.
Observable Bounds on mψ [TeV]
doublet triplet bidoublet
Rh 7.2 sL2Y2 6.8 sL2Y2 5.6 sLu2YU2
VCKM 8.4 sL2Y2 6.8 sL2Y2 6.8 sLu2YU2
pp→ jj ang. dist. 4.3 s2L2Y2 5.3 s2L2Y2 5.3 s2Lu2YU2
Table 6.9. Lower bounds on the fermion resonance mass mψ in TeV in U(2)
3
LC from left-handed
1st and 2nd generation quarks mixed with the composite resonances by an angle sLu2.
real – a general prediction of the U(2)3 symmetry for 1 ↔ 2 transitions – the expected
improvement of the bound on CP violation in D-D¯ mixing will have no impact.
Flavour violation from chirality-conserving right-handed quark bilinears is suppressed,
a general property of the Minimal U(2)3 framework [72,1].
6.4.2 Loop-induced chirality-breaking effects
Flavour-changing chirality-braking effects are produced at one loop in the strong in-
teractions. One expects in general flavour-changing chirality-breaking effects in U(2)3
with bounds on the fermion resonances similar to the one of the anarchic case, mψ >
(0.5–1.5)Y TeV. With CP conservation in the strong sector, however, the contributions to
the quark EDMs would arise only at higher orders in the U(2)3 breaking terms, so that
they would not be significant for the current limit on the neutron EDM.
In figure 6.2 we show the leading terms contributing to the effective Yukawa couplings
of the down quarks to the Higgs boson. In the case of left-compositeness the strong
Yukawa couplings of the Higgs doublet to the heavy quarks, although flavour conserving,
are different for the third generation with respect to the first two. Let us now consider
the analogous diagrams with a photon or gluon line also attached to the strong Yukawa-
coupling vertex, i.e. an operator contributing, when the Higgs boson gets a vev, to the
dipole moments of the heavy quarks. Here too the dipole moment of the third-generation
composite quarks is in general different from the one of the first two generations, but,
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q3L Qd3 B bR
〈H〉
qL Qd3 B bR
〈H〉
V
qL Qd D dR
〈H〉
∆Yd
(a) Right-handed compositeness
q3L Qd3 B bR
〈H〉
qL Qd D bR
〈H〉
V
qL Qd D dR
〈H〉
∆Yd
(b) Left-handed compositeness
Figure 6.2. Leading contributions to chirality breaking bilinears (mass terms) from insertions
of composite fermions, in the two cases of right- and left-handed compositeness. Crosses denote
the mixings that break flavour symmetry, while dots denote the diagonal mixings. The strong
dynamics in the first two diagrams in (a) is the same, as it is in the last two diagrams in (b).
Magnetic dipole terms have the same structure.
what is more important, the two dipole moments will not be in the same ratio as the
corresponding Yukawa couplings. In turn this produces a misalignment in flavour space of
the mass versus the magnetic moment operator, i.e. a residual flavour breaking interaction
with the size expected in the generic EFT approach, except for the fact that the presence
of a new phase requires CP violation in the strong sector.
In the case of right-compositeness, on the contrary, the ratio of the coefficients of
the q¯3LbR and q¯3LσµνbR bilinears coincides with the ratio of the coefficients of q¯LbR and
q¯LσµνbR, because the same heavy quarks mediate the two effects. For this reason, when
going to the physical quark basis, the dipole terms are diagonalized along with the mass
terms, and there are no flavour-changing effects at leading order.
6.4.3 Flavour-changing Z couplings
In U(2)3RC flavour-changing Z couplings are absent at tree level. In U(2)
3
LC the left-handed
couplings do arise, while the right-handed couplings are strongly suppressed. Similarly to
the anarchic case, one can write them as
δgLZbdi ∼ ξi3 rb δgLZbb , δgLZsd ∼ ξ12 |rb|2 δgLZbb . (6.81)
One obtains the bounds in the last two lines of table 6.8, which are weaker than the
analogous bounds from Rb unless |rb| > 1. An important difference with respect to the
anarchic case is the absence of sizable flavour-changing right-handed Z couplings, which
can be probed e.g. in certain angular observables in B → K∗µ+µ− decays [153].
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6.5 Summary and comparison of bounds
We have analyzed the bounds coming from flavour observables, electroweak precision
test, and the constraint coming from the Higgs mass in a number of different models of a
composite Higgs, investigating different options for the generation of the flavour pattern
of the SM quarks. Here we summarize the most relevant bounds for each model, trying
to delineate a picture of what are the lowest allowed values for fermion resonance masses
compatible with all the constraints, and of which are the observables most sensitive to
new physics in each case.
In Anarchy, if the bound coming from the QLRS contribution to K is taken at face value,
the fermion resonances should be far too heavy to be consistent with a naturally light
Higgs boson and certainly unobservable, either directly or indirectly. Note in particular
the growth of this bound with z in the bidoublet model.
In view of the fact that this bound carries an O(1) uncertainty, one might however
speculate on what happens if this constraint is ignored. As visible from table 6.3, with
the exception of the first line, all the strongest bounds on mψ in the bidoublet or in the
triplet models can be reduced down to about 1 TeV by taking xt =
1
3
to 1
4
. This however
correspondingly requires Y = 3 to 4 (and maximal right-handed mixing) which pushes up
the bounds from KL → µ+µ− and is not consistent with mψ = Y f and f & 0.5 TeV. The
loop-induced chirality-breaking effects on ′ and ∆ACP in D → PP decays would also
come into play. Altogether, even neglecting the bound from K(Q
LR
S ), fermion resonances
below about 1.5 TeV seem hard to conceive in anarchic models.
In U(3)3 models with Minimal Flavour Violation, as apparent from tables 6.4 and
6.5, a fermion resonance at about 1 TeV is disfavoured. In U(3)3LC the crucial constrains
come from the EWPT due to the large mixing of the first generations quarks in their left
component. Note that xtY cannot go below yt ∼ 1. In U(3)3RC there is a clash between
the tree-level ∆F = 2 FCNC effects, which decrease with xt, and the bound from the
pp → jj angular distributions due to the composite nature of the light quarks in their
right component, which goes like 1/xt. We stress again that these conclusions are more
robust than in the anarchic case, since there is no uncertainty related to the composite
Yukawas, which are flavour universal in the U(3)3 case.
Two important differences distinguish the U(2)3 case from the U(3)3 one:
(i) both for the bidoublet (at large enough z) and for the triplet models, the bounds
from the EWPT or from compositeness become irrelevant;
(ii) a single complex parameter correlates the various observables, rb in the U(2)
3
LC case.
As apparent from table 6.8, values of xt and rb somewhat smaller than one can reduce
the bounds on the fermion resonance mass at or even below the 1 TeV level. This is
also formally possible in U(2)3RC, where rb = 1, but requires xt . 0.3, i.e. Y & 3, not
consistent with mψ = Y f and f & 0.5 TeV.
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doublet triplet bidoublet
ª 4.9 1.7 1.2 ∗
U(3)3LC 6.5 6.5 5.3
U(3)3RC - - 3.3
U(2)3LC 4.9 0.6 0.6
U(2)3RC - - 1.1 ∗
Table 6.10. Minimal fermion resonance mass mψ in TeV compatible with all the bounds (except
for the QLRS contribution to K in the anarchic model), fixing O(1) parameters in anarchy to 1
and assuming the parameter |rb| in U(2)3LC to be ∼ 0.2. The bounds with a ∗ are obtained for a
value of Y ≈ 2.5, that minimizes the flavour and EWPT constraints consistently with mψ = Y f
and f & 0.5 TeV.
Table 6.1 tries to summarize all in one go the content of the more detailed tables 6.1 to
6.7 discussed throughout the paper, taking into account all constraints from flavour and
EWPT. For any given case, this table estimates a lowest possible value for the mass of
the composite fermions that mix with the elementary ones and which are heavier than the
“custodians” by a factor of
√
1 + (λX)2. In the case of anarchy we are neglecting the con-
straint coming from K (first line of table 6.3, particularly problematic for the bidoublet
model, maybe accidentally suppressed) and the various O(1) factors that plague most of
the other flavour observables in table 6.3. In every case we also neglect the constraint com-
ing from one-loop chirality-breaking operators, relevant to direct CP violation both in the
K and in the D systems, as well as to the quark electric dipole moments. This is a subject
that deserves further detailed study. Note that the bounds with a ∗ (bidoublet model with
anarchic or U(2)3RC flavour structure) are obtained for a value of Y ≈ 2.5, that minimizes
the flavour and EWPT constraints consistently with mψ = Y f and f & 0.5 TeV.
We also note that measurements of Higgs boson properties, which have not been
considered here, amount to lower bounds on the decay constant f in the case of PNGB
Higgs models, and are currently probing values of 500–700 GeV. Once these bounds
improve, tables 6.1 to 6.7 allow a straightforward qualitative understanding of their impact
on flavour and electroweak observables. Since our predictions are based on a simple partial
compositeness Lagrangian, they are in fact independent of the details of the Higgs sector
and can even be applied to other theories, like 4D duals of Randall-Sundrum models.
The general message that emerges from table 6.10, taken at face value, is pretty clear.
To accommodate top partners at or below 1 TeV is often not possible and requires a
judicious choice of the underlying model: an approximate U(2)3 flavour symmetry appears
favorite, if not necessary. There are two simple reasons for the emergence of U(2)3:
(i) in common with U(3)3, the suppression of flavour changing effects in four-fermion
operators with both left- and right-handed currents, present in the anarchic case;
(ii) contrary to U(3)3 but as in anarchy, the disentanglement of the properties (their
degree of compositeness) of the first and third generation of quarks.
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ª U(3)3LC U(3)
3
RC U(2)
3
LC U(2)
3
RC
K , ∆Md,s F ◦ F F F
∆Ms/∆Md F ◦ ◦ ◦ ◦
φd,s F ◦ ◦ F ◦
φs − φd F ◦ ◦ ◦ ◦
C10 F ◦ ◦ F ◦
C ′10 F ◦ ◦ ◦ ◦
pp→ jj ◦ F F ◦ ◦
pp→ q′q′ F ◦ ◦ F F
Table 6.11. Observables where NP effects could show up with realistic experimental and/or
lattice improvements in the most favourable cases. The observables are, from top to to bottom:
the direct CP violating parameter in K-K¯ mixing and the Bd and Bs mass differences (as well as
their ratio), the mixing phases φd, φs in the Bd and Bs systems (as well as their difference), the
Wilson coefficient of the axial vector semi-leptonic operator relevant for b → s`+`− transitions
C10 and its chirality-flipped counterpart C
′
10, the angular distribution of dijet events at LHC as
discussed above and the direct production of fermion resonances at LHC.
The source of the constraint that plays the dominant role in the various cases is diverse.
Sometimes more than one observable gives comparable constraints. This is reflected in
table 6.11, which summarizes where possible new physics effects could show up (for some
observables with more experimental data, for others if lattice parameters and/or other
theoretical inputs are improved). We keep in this table every possible case even though
some of them, according to table 6.10, would have to live with a fine tuned Higgs boson
squared mass and, as such, appear less motivated.
Part III
Supersymmetric Higgs bosons
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7 Supersymmetry
If physics at the Fermi scale turns out to be weakly interacting and the Higgs boson is not
part of a composite sector, then the naturalness problem has to be solved by means of some
symmetry, accurately cancelling the radiative corrections of the Higgs mass as it happens
for fermions and vector bosons. In this chapter we show that supersymmetry (SUSY) -
the maximal extension of the Poincare´ group of space-time transformations - does this
job, and we review very briefly the main properties of supersymmetric models. We discuss
how the necessity of breaking supersymmetry reintroduces a fine-tuning problem, which
once more requires the SM to be modified close to the electroweak scale.
The remarkable property of supersymmetry of solving the hierarchy problem without
introducing a threshold of strong dynamics, thus remaining perturbative in principle up
to very high energies, justifies the great attention devoted to the subject in the litera-
ture [154–167]. Here we will not try to cover in detail the broad plethora of topics related
to supersymmetry, which range from collider studies to models of dark matter or gauge
coupling unification, not to mention its relevance in string theory. We will rather concen-
trate on the aspects which are related to the phenomenology of the recently discovered
Higgs boson.
As for composite Higgs models, one of the main consequences of supersymmetry at
the weak scale is the presence of a number of new particles coupled to the SM ones,
with masses which lie in the range explorable by high-energy collision experiments at the
LHC. The lack of signals so far from the direct production of supersymmetric particles
calls for a careful analysis of the parameter space of SUSY models, and perhaps for a
reconsideration of the strategy to search for supersymmetry. Focussing on naturalness,
which to us still looks to be the best motivated guideline, special attention is paid to the
s-particles that have the largest influence on the quadratic terms in the Higgs potential,
namely the two stops, the left-handed sbottom, the higgsinos and, indirectly through the
stops, the gluino [168–171].
In the first part of the chapter, where we introduce the basic concepts of supersymme-
try, we follow the approach of ref. [172], to which we refer for further details. In section 7.2
we introduce the minimal extension of the Standard Model which is able to incorporate
supersymmetry, the well-studied MSSM, focussing in particular on the Higgs sector of
that model. We discuss in particular the issue of accommodating a 125 GeV Higgs boson
in this context, which is in manifest tension with the naturalness requirement of light top
partners and small radiative corrections.
A general prediction of supersymmetric extensions of the SM is the presence of an
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extended Higgs sector with more than one scalar degree of freedom. The mixing of the
observed Higgs boson with the extra states has a relevant impact on the signal strengths
measured at the LHC, which in turn can be used to set bounds on the parameters space
of the Higgs system. Here we discuss the problem in the context of the MSSM, while we
dedicate the next chapter to the more appealing case of the NMSSM.
7.1 Basics of supersymmetry
Consider the following Lagrangian
L = LH +Lψ + |∂µφL|2 + |∂µφR|2 −m2L|φL|2 −m2R|φR|2
− y√
2
hψ¯LψR − λ
2
h2(|φL|2 + |φR|2)− h(µL|φL|2 + µR|φR|2), (7.1)
which contains the SM Higgs and a fermion ψ of mass mψ, together with their Yukawa
interaction, and we introduced two new complex scalar fields φL and φR which interact
with the Higgs. If we compute the radiative correction to the Higgs mass in this model,
using a momentum cut-off for simplicity, we find
δm2h =
1
16pi2
(
2λΛ2 − (λm2L + µ2L) log
Λ2 +m2L
m2L
− (λm2R + µ2R) log
Λ2 +m2R
m2R
(7.2)
− 2y2Λ2 + 6y2m2ψ log
Λ2 +m2ψ
m2ψ
)
. (7.3)
We see that if λ = y2, then the two quadratic “divergences” associated with the scalar and
fermion loops cancel out exactly. If in addition m2L = m
2
R = m
2
ψ and µ
2
L = µ
2
R = 2λm
2
ψ,
then also the logarithmic terms cancel, and the Higgs mass is not renormalized. As
we will now see, the Lagrangian (7.1) enjoys a very special symmetry if these relations
are satisfied. This property of protecting scalar masses from large radiative corrections
makes such a model, with a scalar associated to every fermion degree of freedom, a perfect
candidate for natural physics beyond the Standard Model.
7.1.1 The supersymmetric algebra
Take a very simple Lagrangian which contains only the kinetic terms of a complex scalar
and a free chiral fermion, plus the quadratic action for a non-propagating field F ,
S =
∫
d4x (Ls +Lf +Laux) =
∫
d4x
(
|∂µφ|2 + iψ†σ¯µ∂µψ + |F|2
)
, (7.4)
using the standard notation
σµαα˙ = (1, σ
i), σ¯µαα˙ = (1,−σi), (7.5)
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and consider the following transformation rules
φ→ φ+ αψα, (7.6)
ψα → ψα − i(σν†)α∂νφ+ αF , (7.7)
F → F − i†σ¯µ∂µψ, (7.8)
where α is a small parameter that has to be a fermion. Computing the variation of (7.4)
δLs + δLf + δLaux = ∂µ
(
σµσ¯νψ∂νφ
∗ − ψ∂µφ∗ + †ψ†∂µφ+ iψ†σ¯µF), (7.9)
one explicitly verifies that, since this is a total derivative, the action is invariant, δS = 0.
The commutator of two infinitesimal transformations turns out to be
(δ1δ2 − δ2δ1)X = −i(1σµ†2 − 2σµ†1)∂µX, (7.10)
for any of the fields X = (φ, φ∗, ψ, ψ†,F ,F∗). Note that this last property holds only
because of the presence of the auxiliary field F . Without that field an additional term
proportional to the equations of motion σ¯µ∂µψ would be present, and (7.10) would be
true only for on-shell fields.
If one writes the infinitesimal transformations (7.6), (7.7), (7.8) as exp(iαQα) acting
on the different fields, then one has, in terms of the generators Qα,
{Qα, Q†β˙} = 2σ
µ
αβ˙
Pµ,
{Qα, Qβ} = {Q†α˙, Q†β˙} = 0,
(7.11)
where the anti-commutators arise from the commutators like [1Q, 2Q] because of the
fermionic nature of the ’s. The supercharges Qα, Q
†
α˙, thus form a closed algebra together
with the generator of space-time traslations Pµ, called the supersymmetric algebra. This is
the only possible extension of the Poincare´ group which is not the direct product with an
internal symmetry group. Such an extension, which would be forbidden by the Coleman-
Mandula theorem, is possible at all only because the Poincare´ algebra has been extended
to a Z2-graded Lie algebra which contains also fermionic anti-commuting generators.
A consequence of the anticommutation relations (7.11) is that the Hamiltonian oper-
ator is always positive definite, and its expectation value on the supersymmetric vacuum
must vanish. We have indeed
〈0|H|0〉 = 〈0|P 0|0〉 = 1
2
〈0|
∑
α
QαQ
†
α˙ +Q
†
α˙Qα|0〉 = 0, (7.12)
since Qα|0〉 = 0 for every α if |0〉 preserves SUSY.
The multiplet of fields (φ, ψ,F) and their hermitian conjugates form a complete rep-
resentation of the SUSY algebra. Since the supercharges are spinorial quantities, when
they are applied to a state |ψ〉 they change its spin by ±1/2, and any supersymmetry
transformation thus relates bosons with fermions. In the rest frame of a particle of mass
m, (7.11) reduces to a Clifford algebra
{Qα, Q†β˙} = 2mδαβ˙, {Qα, Qβ} = {Q
†
α˙, Q
†
β˙
} = 0, (7.13)
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which now allows to use Qα, Q
†
α˙ as raising and lowering operators in order to construct
the complete multiplets of states1
|Ωs〉, Q†1|Ωs〉, Q†2|Ωs〉, Q†1Q†2|Ωs〉, (7.14)
starting from a “vacuum” state |Ωs〉 of spin s which is annihilated by all the Q’s:
• The massive chiral multiplet is obtained starting from a spin-0 state |Ω0〉, and con-
tains a Majorana fermion and two real scalars (one complex scalar);
• The massive vector multiplet is obtained starting from a spin-1
2
state |Ω1/2〉, and
contains a massive vector, two Majorana fermions and a real scalar.
In a similar fashion one constructs the multiplets for massless fields:
• The massless chiral multiplet contains a Weyl fermion and a complex scalar;
• The massless vector multiplet contains a gauge vector boson and a Weyl fermion.
We will not consider other multiplets which contain states with spin greater than 1.
7.1.2 Supersymmetric Lagrangians
Using the transformations (7.6), (7.7), (7.8) one can go beyond the free theory (7.4) and
derive the most general structure that a supersymmetric Lagrangian can have [155–157].
The most general renormalizable interaction for a set of chiral multiplets φi, ψi, Fi is
Lint = −1
2
Wij(φ, φ
∗)ψiψj +WiFi − V (φ, φ∗) + h.c. (7.15)
First of all, notice that a scalar potential V (φ, φ∗) is forbidden at this stage, since
δV =
∂V
∂φi
δφi +
∂V
∂φ∗i
δφ∗i =
∂V
∂φi
ψi +
∂V
∂φ∗i
†ψ†i , (7.16)
and this cannot be canceled by the variation of any of the other terms in Lint.
One can check that Lint is SUSY-invariant, up to total derivatives, if and only if
Wij =
∂2W
∂φi∂φj
, Wi =
∂W
∂φi
, (7.17)
where W (φ) is a holomorphic function of the scalar fields, i.e. ∂W/∂φ∗j = 0, called the
superpotential.2 By power-counting one sees from (7.15) that Wij can be at most linear
in the fields, in order to have a renormalizable Lagrangian, and thus the superpotential
has the form
W (φi) =
1
2
mijφiφj +
1
6
yijkφiφjφk + Jiφi. (7.18)
1In the superspace formalism each multiplet forms the components of a single superfield.
2If one allows generic non-renormalizable interactions, additional terms with a particular, non-
holomorphic complex structure can be present in what is called the Ka¨hler potential
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A scalar potential is now generated when integrating out the non-propagating auxiliary
fields and replacing them with their on-shell values Fi = −Wi. From the quadratic term
FiF∗i we get
V (φ, φ∗) =
∑
i
∣∣∣∣∂W∂φi
∣∣∣∣2 . (7.19)
Note that if there is a linear term in the superpotential, then V contains a constant and
supersymmetry is broken.
The full Lagrangian for a generic set of interacting chiral superfields, the Wess-Zumino
Lagrangian, reads
LWZ = |∂µφj|2 + iψ†j σ¯µ∂µψj −
1
2
mjkψjψk − 1
2
yjklφjψkψl + h.c.− V (φ, φ∗), (7.20)
V (φ, φ∗) =
1
2
mjlmlkφ
∗
jφk +
1
2
mjmy
∗
klmφjφ
∗
kφ
∗
l +
1
8
yjkny
∗
lmnφjφkφ
∗
l φ
∗
m + h.c. (7.21)
Notice that the scalar mass coincides with the fermion mass, and the relations between the
scalar cubic and quartic couplings and the Yukawa coupling, required in (7.1) to cancel
the divergences, hold. Equation (7.1) is in fact just a particular case of the general Wess-
Zumino Lagrangian, and the absence of radiative corrections in the Higgs mass in (7.2) is
the consequence of a more general non-renormalization theorem of supersymmetry which
states that the superpotential W is not renormalized at any order in perturbation theory.
In a similar way to what discussed up to here, a supersymmetric Lagrangian for gauge
fields can be derived, starting from the massless vector multiplet. As in the previous case,
auxiliary fields Da have to be introduced along with the vectors Aaµ and the fermions λa,
in order to close the algebra of SUSY transformations also for off-shell fields. The pure
super-Yang-Mills Lagrangian reads
LSYM = −1
4
F aµνF
a
µν + iλ
† aσ¯µDµλa +
1
2
DaDa. (7.22)
Including also chiral matter multiplets, the complete gauge Lagrangian becomes
L = LSYM +LWZ −
√
2g
(
(φ∗iT
aψi)λ
a + h.c.
)
+ g(φ∗iT
aφi)Da. (7.23)
The scalar potential gets now a contribution from both the chiral and the vector auxiliary
fields, and reads
V (φ, φ∗) = F∗i Fi +
1
2
DaDa
∣∣∣∣
on−shell
=
∣∣∣∣∂W∂φi
∣∣∣∣2 + 12g2(φ∗iT aφi)2. (7.24)
7.1.3 Soft SUSY-breaking
Supersymmetry requires the existence of an equal number of bosonic and fermionic states
with the same quantum numbers and degenerate masses, related by a SUSY transforma-
tion within the same supermultiplet. The elementary particles observed in experiments
do not have this property, and therefore SUSY cannot be an exact symmetry of Nature.
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If nevertheless one wants to preserve the peculiar property of protecting the scalar
masses against high-energy radiative corrections, one has to break supersymmetry in
some special way. More specifically, one does not want to spoil the UV structure of the
theory that determines the form of the divergences in the radiative corrections (7.2).
The cancellation of quadratic divergences depends only on the adimensional param-
eters like the scalar quartic couplings, the gauge couplings and the Yukawas, which are
thus fixed to their supersymmetric values. At the cost of introducing some logarithmic
dependence on the high-energy cut-off – which is nevertheless not a problem for natu-
ralness arguments – one can add generic soft SUSY-breaking terms to the Lagrangian,
i.e. operators of dimension smaller than four which are not relevant in the UV [158,159].
Loop effects generated by such soft terms will not generate quadratic divergences in the
high scale Λ. However, as can also be seen in (7.2), logarithms and finite terms, if they
do not cancel out exactly, are still proportional to the squared mass of the particle which
generates them. The soft SUSY-breaking scale Λsoft can thus not be too far away from the
weak scale in order not to generate a little hierarchy problem. This is in perfect agreement
with the discussion in section 2.3, since Λsoft is the scale at which the SM is modified.
A general set of soft SUSY-breaking terms is described by3
Lsoft = −1
2
mλλ
aλa − m˜2ijφiφ∗j −
1
2
bijφiφj − 1
6
aijkφiφjφk + h.c.. (7.25)
There are many different possibilities for the dynamical mechanism which generates
such breaking terms. Generically one needs a spontaneous breaking of supersymmetry.
This should happen in a different sector with respect to the SM one, with the breaking
then being communicated to the supersymmetric SM by some mediator through loop
processes. The most common scenarios of this kind are gauge-mediation [164,165,167,173],
where SUSY-breaking is transmitted to the SM through “messenger” fields with gauge
interactions, and gravity-mediation [160–162, 166], where the SUSY-breaking terms are
generated at the Planck scale by gravitational interactions, and are suppressed by some
power of MPl. We will not treat these problems here, and take an effective field theory
approach, considering generic soft Lagrangians with the size of the parameters constrained
by experiment.
7.2 The Minimal Supersymmetric Standard Model
We have already seen that the particles of the Standard Model do not fit into complete
representations of the superalgebra. While the problem of mass splittings could be over-
come through the introduction of suitable soft terms, the different quantum numbers of
bosons and fermions force us to include new particles in order to complete each multiplet
3A mass term for the fermions can be reabsorbed in the superpotential. The non-holomorphic trilinear
coupling cijkφ
∗
iφjφk may introduce quadratic divergences if a gauge-singlet is present, and a linear term
Jiφi is allowed only for gauge singlets.
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Superfield Bosons Fermions SU(3)c SU(2)L U(1)Y
Qi q˜i qLi 3 2 1/6
Ui u˜i uRi 3 1 2/3
Di d˜i dRi 3 1 -1/3
Li ˜`i `Li 1 2 -1/2
Ei e˜i eRi 1 1 -1
Hu Hu H˜u 1 2 1/2
Hd Hd H˜d 1 2 -1/2
W W aµ W˜
a 1 3 0
B Bµ B˜ 1 1 0
G Gaµ G˜
a 8 1 0
Table 7.1. Field content of the MSSM.
which contains a SM field.4
The Minimal Supersymmetric Standard Model (MSSM) is the model with the minimal
number of new fields added to the SM in order to have a supersymmetric theory. This
corresponds to the following situation:
(i) a set of complex scalar fields, collectively denoted as sfermions (squarks or sleptons),
one associated to each chiral fermion,
(ii) a set of chiral fermions, collectively denoted as gauginos or higgsinos, one for every
gauge or Higgs boson respectively.
The particle content of the MSSM is summarized in table 7.1.
A peculiar property of SUSY is the need of the presence of two Higgs doublets, Hu
and Hd, each of them coupled either to the up-type fermions or the down-type fermions,
respectively. This fact is easily understood in terms of the holomorphy of the superpoten-
tial: gauge invariance requires fields of opposite hypercharge to couple to the two different
types of fermions, but a term Hcq¯LuR which contains the hermitian conjugate of H is not
allowed, so a new field has to be introduced. At the same time, the second Higgs field is
also needed to cancel the new U(1) anomalies of the higgsinos.
The gauge vector multiplets W , B, G are described by a super-Yang-Mills Lagrangian
as in (7.22), while the quark, lepton and Higgs superfields are chiral multiplets described
by a Wess-Zumino Lagrangian (7.20), extended to include gauge invariance. Soft SUSY
breaking terms for all the fields are present in order to reproduce the correct, non-
supersymmetric values, of all the dimensionful parameters.
4The only boson/fermion pair with the same SU(3)× SU(2)× U(1) quantum numbers are the Higgs
doublet and the left-handed leptons. If the Higgs field were the sparticle associated with one of the
leptons, its vev would break lepton number.
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Baryon number (B) and lepton number (L) violating terms in the superpotential, such
as e.g. QLD, are set to zero by imposing invariance under the matter parity
R = (−1)3(B−L)+2s, (7.26)
where s is the spin. This discrete symmetry has very important consequences for the
phenomenology of SUSY models, since it requires the superpartners to be produced al-
ways in couples, starting from an interaction of SM particles, and it stabilizes the lightest
supersymmetric particle (LSP), χLSP, which then becomes an excellent dark matter can-
didate. Versions of the MSSM without R-parity, which have also been studied, have a
very different phenomenology [174].
7.2.1 The Higgs sector of the MSSM
Let us denote the components of the two Higgs doublets as
Hu =
(
H0u
H+u
)
, Hd =
(
H−d
H0d
)
. (7.27)
The superpotential for the Hu and Hd superfields reads
WH = y
ij
uHuQiUj − yijd HdQiDj − yije HdLiEj + µHuHd. (7.28)
The last term is allowed by all the symmetries and gives rise to mass terms, as well as
cubic and quartic interactions for the Higgses through F -terms. The full scalar Higgs
potential, including F -terms, D-terms and soft breaking terms, reads
V (Hu, Hd) = (|µ|2 +m2Hu)(|H0u|2 + |H+u |2) + (|µ|2 +m2Hd)(|H0d |2 + |H−d |2)
+Bµ(H+u H
−
d −H0uH0d) + h.c.+
g2
2
|H+u H0∗d +H0uH−∗d |2
+
g2 + g′2
8
(|H0u|2 + |H+u |2 − |H0d |2 − |H−d |2)2. (7.29)
All the parameters have to be chosen in a suitable way in order to reproduce EWSB
in a correct way. This is not automatic as in the SM, because of the presence of more
parameters and more fields.
First of all, a vev for the charged fields H+u and H
−
d should be excluded, because this
would break electrodynamics. Notice that one of the two Higgs vevs can always be put
in the form
〈Hu〉 = 1√
2
(
vu
0
)
, vu ∈ R (7.30)
through SU(2)L×U(1)Y transformations, as one typically does in the SM. The minimum
condition then reduces to
∂V
∂H+u
∣∣∣∣
〈H+u 〉=0
=
(
Bµ+
g2
2
H0∗u H
0∗
d
)
H−d = 0, (7.31)
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which is generally satisfied for 〈H+u 〉 = 〈H−d 〉 = 0. It is also straightforward to check that
CP is not broken by the Higgs vev, since the only term of the potential which contains
the eventual phase ϕHd of 〈H0d〉 is (H0uH0d + h.c.) ∝ − cosϕHd , and so the phase vanishes
at the minimum.
Next, by minimizing the scalar potential w.r.t. H0u, H
0
d one finds the following expres-
sions
|µ|2 +m2Hu = Bµ cot β +
m2Z
2
cos 2β, (7.32)
|µ|2 +m2Hd = Bµ tan β −
m2Z
2
cos 2β, (7.33)
where
tan β ≡ vu
vd
, v2 = v2u + v
2
d, (7.34)
and vu, vd are the vevs of Hu and Hd, respectively. The two relations (7.32), (7.33),
which determine the weak scale mZ in terms of µ and the soft parameters mHu , mHd ,
B reintroduce a fine-tuning problem. If the soft breaking scale is too large, different
terms have to cancel out to a high precision in order to give the correct value of the
electroweak scale. Moreover, the µ term is a supersymmetric quantity which comes from
the superpotential, and might in principle be related to a higher scale than the smaller
soft masses. There are many possible interpretations of this smallness of µ [175,176].
It is convenient to rotate the Higgs fields to the basis(
H
h
)
=
(
sβ −cβ
cβ sβ
)(
Hd
Hu
)
, (7.35)
where sβ = sin β, cβ = cos β, and only the h doublet acquires the vev v. The charged
and CP-odd components of h coincide now with the would-be Goldstone bosons χ and
η which are eaten-up by the longitudinal polarizations of W and Z after EWSB. On the
contrary, the charged and CP-odd components of H are physical fields H±, A0. Their
masses can be read off the potential (7.29),
m2A =
Bµ
sβcβ
, (7.36)
mH± = m
2
A +m
2
W . (7.37)
Finally, the mass matrix for the two CP-even neutral states reads, in the basis (Hu, Hd),
M2 =
(
m2Ac
2
β +m
2
Zs
2
β −(m2A +m2Z)sβcβ
−(m2A +m2Z)sβcβ m2As2β +m2Zc2β
)
. (7.38)
Diagonalizing M2 one finds the masses of the physical eigenstates h1 and h3
5
mh1,3 =
1
2
(
m2A +m
2
Z ±
√
(m2A +m
2
Z)
2 − 4m2Am2Z cos2 2β
)
, (7.39)
5We choose this notation for later convenience in the context of the NMSSM where three states are
present. Note in particular the difference from the standard MSSM notation, where the CP-even mass
eigenstates are h,H.
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as well as the mixing angle α between Hu and Hd
tan 2α =
m2A +m
2
Z
m2A −m2Z
tan 2β. (7.40)
Equation (7.39) in the limit of large mA reduces to an upper bound to the tree-level
lightest Higgs mass
m2h < m
2
Z cos
2 2β < m2Z , (7.41)
which is by far too light to explain the observed value of 125 GeV.
7.3 Supersymmetry and naturalness
Since SUSY is broken above the weak scale, radiative corrections affect all the parameters
of the MSSM. One the one hand these corrections are suitable to fit the predicted value
of the Higgs mass with the experimental data, a task which would be not possible at tree-
level because of the bound (7.41). On the other hand, quadratic divergences proportional
to the masses of the sparticles may constitute a problem for naturalness if they are too
high. As we will see, there is a significative tension between these two effects in the
MSSM. One finds a better situation in the NMSSM, which will be the subject of the next
chapter.
7.3.1 Radiative corrections to the Higgs mass
The relations (7.36), (7.37), (7.39), all coming from the potential (7.29), are valid only at
tree-level. Loop contributions, in particular the ones coming from third generation quarks
and squarks, are nevertheless relevant.
The corrections to the neutral mass matrix (7.38) can be parametrized as
M2 =
(
M211 + δ
2
11 M
2
12 + δ
2
12
M212 + δ
2
12 M
2
22 + δ
2
22
)
. (7.42)
The dominant contribution to δ22 arising from the large tree-level coupling to the top-stop
system, including also two-loop leading-log QCD effects, reads [177]
δ222 =
3m4t
4pi2v2 sin2 β
[
log
M2S
M2t
+
X˜t
2
+
1
16pi2
(3m2t
v2
− 32piαs(Mt)
)(
X˜t log
M2S
M2t
+ log2
M2S
M2t
)]
.
(7.43)
Here
X˜t =
2A˜2t
M2S
(
1− A
2
t
12M2S
)
, A˜t = At − µ cot β =
m2
t˜1
−m2
t˜1
2mt
sin 2θt, (7.44)
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where the SUSY-breaking scale can be taken as a mean value of the two stop masses t˜1, t˜2,
M2S ≈ 〈m2t˜ 〉, θt is the mixing angle of the stop mass matrix
M˜2t '
(
m˜2Q3 +m
2
t mtA˜t
mtA˜t m˜
2
U3
+m2t
)
+ O(g2v2), (7.45)
Mt is the pole top mass, and mt is the running top mass evaluated at the pole. Diago-
nalizing (7.42) one gets for the physical Higgs masses
mh1,3 =
1
2
(
m2A +m
2
Z + δ
2
22 ±
√
(m2A +m
2
Z + δ
2
22)
2 − 4m2Am2Z cos2 2β − 4M222δ222
)
. (7.46)
In the limit of large mA this reduces to a modified upper bound to the lightest Higgs mass
m2h < m
2
Z cos
2 2β + δ222 sin
2 β ≡ m2Z cos2 2β + ∆2t ≡ m2hh. (7.47)
Leading corrections to the D-terms generate also an additional contribution to M2, which
cannot be neglected for average and large tan β, and translates into a negative shift of ∆t
which can be as large as ∼ 5 GeV [177].
The corrections δ212 and δ
2
11 to the other matrix elements in (7.42) are suppressed by
the first and second power of A˜tµ/M
2
S. The leading terms of these corrections are reported
in [178]. They can safely be neglected with respect to δ222 as long as µAt is not bigger
than the average soft breaking mass, as required by naturalness. Subleading contributions
from the bottom quark and squarks are also present, and become relevant for large tan β
where the bottom Yukawa coupling is enhanced.
The leading correction to formula (7.37) for the charged Higgs mass instead arises at
order αwm
2
t and reads
m2H± = m
2
A +m
2
W +
3Gµm
2
W
4
√
2pi2
( m2t
sin2 β
+
m2b
cos2 β
)
log
M2S
M2t
. (7.48)
In the decoupling limit of large mA, both mh3 and mH± coincide approximately with mA.
7.3.2 A natural supersymmetric spectrum
Naturalness requires the mass of the third generation superpartners to be close to the
electroweak scale. Although these masses enter only logarithmically in the radiatively
corrected expressions (7.43) for the physical Higgs masses, the parameters of the potential
are additively renormalized and get quadratic corrections ∝ m˜2soft. In particular for mHu ,
which gets the largest contribution from the top-stop sector, one has [188]
δm2Hu = −
3y2t
16pi2
(
m˜2Q3 + m˜
2
U3
+ A2t
)
log
Λ2
M2S
(7.49)
between the average scale MS of soft masses and the high scale Λ at which these soft
masses are generated, which can be considered as the “input” scale for RGE running.
104 Supersymmetry
 [GeV]g~m
600 700 800 900 1000 1100 1200 1300 1400 1500 1600
 [G
eV
]
10
r¾m
200
400
600
800
1000
1200
 for
bid
den
1
0
r¾t t
Ag~
 = 8 TeVs), g~) >> m(q~, m(1
0
r¾t tAg~ production, g~g~ Lepton & Photon 2013
ATLAS
Preliminary
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
 10 jets*0-lepton, 7 - 
 3 b-jets*0-1 lepton, 
 4 jets*3-leptons, 
 3 b-jets*2-SS-leptons, 0 - 
ATLAS-CONF-2013-054
ATLAS-CONF-2013-061
ATLAS-CONF-2012-151
ATLAS-CONF-2013-007
]-1 = 20.3 fb
int
[L
]-1 = 20.1 fb
int
[L
]-1 = 12.8 fb
int
[L
]-1 = 20.7 fb
int
[L
 not included.theory
SUSYm95% CL limits. 
gluino mass [GeV]
600 700 800 900 1000 1100 1200 1300 1400 1500
LS
P 
m
as
s 
[G
eV
]
0
100
200
300
400
500
600
700
800
900
Observed
SUSY
theoryσObserved -1 
Expected
m
(glu
ino
) - m
(LS
P) =
 2 m
(top
)
m
(glu
ino
) - m
(LS
P) =
 m(
W) 
+ m
(top
)
SUSY 2013
 = 8 TeVs
CMS Preliminary
1
0χ∼ t t →g~ production,  g~-g~
-1) 19.4 fbT+HTESUS-12-024 0-lep (
-1SUS-13-004 0+1-lep (razor) 19.3 fb
-1
 6) 19.4 fb≥jetsSUS-13-007 1-lep (n
-1SUS-13-013 2-lep (SS+b) 19.5 fb
-1SUS-13-008 3-lep (3l+b) 19.5 fb
Figure 7.1. 95% C.L. exclusions for g˜ → tt¯χ˜01 from the ATLAS [179–182] (left) and CMS
[183–187] (right) experiments in the plane (mg˜,mχ˜01), where g˜ is the gluino and χ˜
0
1 is the lightest
neutralino.
This in turn reflects into a fine-tuning of the weak scale, since mHu enters the definition of
v through (7.32). One can define the fine-tuning in v as a sum of the individual tunings
with respect to different parameters
d log v2
d log m˜i
=
m˜2i
v2
dm2Hu
dm˜2i
dv2
dm2Hu
+ · · · , (7.50)
where the dots indicate subleading contributions from the other parameters mHd , µ, and
m˜i = (m˜Q3 , m˜U3 , At). The dependence of v on mHu can be read off eq. (7.32),
dv2
dm2Hu
=
2v2
m2Z cos
2 2β
' −2 v
2
m2Z
+ O
( 1
tan2 β
)
, (7.51)
so that using (7.49) one finally gets, in the limit of large tan β,
∆ =
∑
i
∣∣∣∣ d log v2d log m˜i
∣∣∣∣ ' 3y2t8pi2 m˜2Q3 + m˜2U3 + A2tm2Z log Λ
2
M2S
. (7.52)
As expected, this quantity depends logarithmically on the high SUSY-breaking scale and
quadratically on the soft squark masses. One gets an overall fine-tuning of about 1% for
a lightest stop mass mt˜1 of 1 TeV, generic At ≈ mt and maximal mixing.
The contribution from squarks other than the stop are irrelevant here, since they are
suppressed by the much smaller Yukawa couplings of the light generations. For a given
amount of fine-tuning, the naturalness bounds on their soft masses are therefore much
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weaker, and the first two generation squarks and the right-handed sbottom can easily lie
in the multi-TeV range without affecting the fine-tuning of the weak scale.6
Naturalness arguments thus suggest a mass spectrum of supersymmetric particles with
the following properties:
• third generation top superpartners, namely the left- and right-handed stops and the
left-handed sbottom, below about 1 TeV in order to have a fine-tuning of less than
about a percent;
• not-too-heavy gluinos, which renormalize the stop masses through QCD loops and
enter the Higgs mass at two loops;
• light higgsinos, which have tree-level masses determined by the µ parameter (in the
range of a few hundreds of GeV);
• first two generation squarks not constrained by naturalness, which can be as heavy
as several TeV.
The relevant s-particles to look for, from the point of view of natural supersymmetry, are
thus the third generation squarks and the gluinos. In figures 7.1 and 7.2 we report the
most recent exclusion plots from the direct searches at the CMS and ATLAS experiments
at the LHC on the masses of these particles [179–187,189–199,194, 200]. From figure 7.1
we see that a gluino mass below 1 TeV is safely excluded by both experiments, while
searches in some particular decay channel reach up to about 1.4 TeV. In figure 7.2 the
ATLAS (left) and CMS (right) exclusions for a stop decaying into top and neutralino and
6Note that this splitting between the third and the first two generations of squarks is also an intriguing
feature from the point of view of the U(2)3 flavour symmetry discussed in chapter 4, whose implications
in the context of supersymmetry have been studied in [72].
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Figure 7.3. MSSM. Left: Isolines of mhh (solid) and mH± (dashed), the gray region is un-
physical because of m2A < 0. Light colored regions are excluded at 95% C.L. by the Higgs fit,
the red regions are excluded by CMS direct searches for A,H → τ+τ−. Right: Isolines of ∆t as
a function of the two physical stop masses mt˜1 , mt˜2 , including the D-term corrections and for
tanβ = 5.
into bottom and chargino are shown. These searches are presently sensitive up to 700
GeV for the lightest stop mass in the worst case of a light neutralino, but there are still
allowed regions of the parameter space with a somewhat heavier χ˜01 where the stop can
be as light as about 300–400 GeV. Although somewhat problematic, these limits are still
too weak to put the whole naturalness picture into serious trouble.
In the MSSM, however, an additional problem has to be considered. From (7.47) one
can extract the value of ∆t required to reproduce a Higgs mass of 125.7 GeV, assuming for
the moment that the particle observed at the LHC coincides with the lightest Higgs state,
hLHC = h1. In the limiting case where cos 2β → 1 one has ∆2t = m2h −m2Z ' (86.5 GeV)2.
The situation as a function of tan β is shown in figure 7.3 left, where the grey area
is unphysical. The impact of such high values of ∆t on the stop masses can be read off
figure 7.3 right, where we show the isolines of ∆t in the plane (mt˜1 ,mt˜2). One can see that
in order to reproduce the measured value of mh1 at least one of the stops has to lie above
a TeV. The area below the grey region in figure 7.3 left corresponds to a lightest Higgs
mass below 125 GeV, where the observed state is identified with the heavier of the two
Higgs bosons. Important constraints on both configurations arise from the measurement
of the couplings of hLHC, as we will now discuss.
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7.4 Higgs couplings in the MSSM
The couplings of the physical states in the MSSM are modified with respect to those of a
standard Higgs boson because of the mixing of h with H. The couplings of h1 read
gh1tt
gSMhtt
= Rt˜
(
cos δ +
sin δ
tan β
)
,
gh1bb
gSMhbb
= cos δ − sin δ tan β, gh1V V
gSMhV V
= cos δ, (7.53)
in terms of the mixing angle δ = α − β + pi/2 between h and H. The factor Rt˜ includes
the modification of the h1tt coupling due to stop-loop effects. Here we neglect such an
effect and set Rt˜ to 1.
The modified couplings (7.53) affect both the production cross-sections of h1,3 as well
as their branching ratios. One can then perform a fit of all ATLAS [21–27, 201–203],
CMS [14–20, 204–207] and TeVatron [208] data collected so far on the various signal
strengths of hLHC in order to set an upper bound on the mixing angle δ. In figure 7.3 the
result of such a fit is shown in the plane (tan β,∆t), together with the isolines of mhh, as
defined in (7.46), and of the charged Higgs mass mH± . Notice how the fit alone restricts
the allowed region to two tiny slices of the parameters space, respectively for mhh < mhLHC
and mhh > mhLHC . The same situation is reflected in figure 7.3 in terms of the physical
parameters tan β and mh3 , for the two cases. As already discussed, it is clear from the
figures that a large value of ∆t is needed to make the MSSM consistent with a 125 GeV
Higgs boson. Note that in the plane (tan β,mh3) the isolines of ∆t are increasingly large
at lower tan β: a sign of increasing fine tuning.
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Figure 7.5. MSSM. Isolines of gluon fusion production cross section σ(gg → h3). Light
colored region is excluded at 95% C.L., the red region is excluded by CMS direct searches for
A,H → τ+τ−. Left: LHC8. Right: LHC14.
The projection of the measurements of the signal strengths of hLHC at the LHC with
14 TeV of center-of-mass energy, assuming central values equal to one, is expected to
scrutinize most of the parameter space. We have checked that this is indeed the case with
the indirect sensitivity to mh3 in the right panel of figure 7.4, which will be excluded up
to about 1 TeV, as well as with the closure of the white region in the left side of the same
figure. A more detailed discussion of the projected sensitivities to the signal strengths at
LHC14 is carried out in section 8.2.
Notice that a similar exclusion from the Higgs fit will hold also for the CP-odd and
charged Higgs bosons, whose masses are fixed in terms of the one of h3 in the MSSM.
A warning should be kept in mind, however, relevant to the case h3 < hLHC: the
one loop corrections to the mass matrix controlled by (µAt)/〈m2t˜ 〉 modify the left side of
figure 7.4 for (µAt)/〈m2t˜ 〉 & 1, changing in particular the currently and projected allowed
regions.
The couplings of h3 are
gh3tt
gSMhtt
= sin δ − cos δ
tan β
,
gh3bb
gSMhbb
= sin δ + tan β cos δ,
gh3V V
gSMhV V
= sin δ. (7.54)
These couplings allow to compute the gluon-fusion production cross section of h3 by means
of [209]
σ(gg → h3) = σSM (gg → H(mh3))
∣∣∣At gh3tt
gSMhtt
+Ab gh3bb
gSMhbb
∣∣∣2, (7.55)
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Figure 7.6. MSSM. Left: Isolines of the total width Γh3 (GeV). Right: Isolines of BR(h3 → hh).
The light colored region is excluded at 95% C.L., the red region is excluded by CMS direct
searches.
where
At,b =
F 1
2
(τt,b)
F 1
2
(τt) + F 1
2
(τb)
, τi = 4
m2i
m2h3
, (7.56)
and F 1
2
(τ) is a one-loop function that can be found e.g. in [210,211]. We used the values of
σSM at NNLL precision provided in [212], and the running masses mt,b at NLO precision.
We checked the validity of this choice by performing the same computation both with the
use of masses at LO precision and K-factors [213], and with the program Higlu [214,215],
finding in both cases an excellent agreement. Our results are also in very good agreement
with the ones recently presented in [216] and [39]. We show in figures 7.5–7.7 the results
for the gluon-fusion production cross sections and the widths of h3 for the MSSM in the
mh3 > mhLHC case, in the (tan β,mh3) plane of figure 7.4.
In the same plane σ(gg → A) is also determined, since the pseudoscalar mass mA is
related to mh3 through (7.37), which allows to delimit the currently excluded region by the
direct searches for A, h3 → τ+τ−. Such a region is known to be significant, especially for
growing tan β. In figures 7.3–7.7 we draw the region excluded by such search, as inferred
from [20]. In the left panel of figure 7.4, instead, we draw with the same red colour the
region excluded by the LEP searches for h→ bb¯, which are relevant for mh < 115 GeV.
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Figure 7.7. MSSM. Left: isolines of BR(h3 → tt¯). Right: Isolines of BR(h3 → bb¯). The light
colored region is excluded at 95% C.L., the red region is excluded by CMS direct searches.
8 The Higgs sector of a most natural
NMSSM
The mounting evidence for a Higgs boson hLHC at 125 GeV with Standard-Model-like
properties [11, 12, 14–27, 208] has a significant impact on the issue of naturalness in the
context of supersymmetry. While the identification of the new resonance with the lightest
Higgs boson of a supersymmetric model is a well-motivated possibility, we have already
seen that the measured mass is in serious tension with maintaining naturalness in the
MSSM, requiring either large stop masses, above a TeV, in the case of negligible mixing,
or a large trilinear At term. At the heart of this problem is the fact that the quartic terms
of the Higgs potential in the MSSM are controlled by the weak gauge couplings.
The situation is different in the Next-to-Minimal Supersymmetric Standard Model
(NMSSM), where a singlet superfield S couples to the Higgs superfields, Hu and Hd, via
the Yukawa-like coupling λSHuHd [217] (see [218] for a review). On the one hand, the
inclusion of this coupling allows to get a 126 GeV Higgs boson mass with both the stop
masses well below a TeV. On the other hand, values of λ & 1 suppress the sensitivity of
the Higgs vacuum expectation value with respect to changes in the soft supersymmetry-
breaking masses, thus still keeping the fine tuning at a moderate level even for stop masses
up to 1 TeV [219–221].1 We shall comment below on how a coupling λ & 1 can be made
compatible with gauge coupling unification.
In general terms, to see whether the newly found resonance at 126 GeV is part of an
extended Higgs system is a primary task of the current and future experimental studies.
Given the above motivations, this appears to be especially true for the extra Higgs states
of the NMSSM, which might be the lightest new particles of a suitable supersymmetric
model, except perhaps for the lightest supersymmetric particle (LSP). A particularly im-
portant question is how the measurements of the couplings of hLHC, current and foreseen,
bear on this issue, especially in comparison with the potential of the direct searches of
new Higgs states, and in a very similar fashion to what discussed in section 7.2 in the
case of the MSSM.2
Not the least difficulty that one encounters in attacking these problems is the number
of parameters that enter the Higgs system of the NMSSM, especially if one does not want
1A recent analysis [188] finds that the fine tuning in the NMSSM with a scale-invariant superpotential
can be above 5% for stop masses up to 1.2 TeV and gluino masses up to 3 TeV for λ ≈ 1, moderate tanβ
and the messenger scale at 20 TeV.
2For recent studies see e.g. refs. [222,223].
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to stick to a particular version of it but rather wishes to consider the general case. Here
we aim at an analytic understanding of the properties of the Higgs system of the general
NMSSM, trying to keep under control as much as possible the complications due to the
proliferation of model parameters and avoid the use of benchmark points.
The content of this chapter is the following. In section 8.1 we define the model and
we establish some relations between the physical parameters of the CP-even Higgs system
valid in the general NMSSM. In sections 8.2 and 8.3 we consider two limiting cases in which
one of the CP-even scalars is decoupled, determining in each situation the sensitivity of
the measurements of the couplings of hLHC, current and foreseen, as well as the production
cross sections and the branching ratios (BR) for the new intermediate scalar. In section 8.4
we consider some peculiarities of the more general case where all the three states mix with
each other. To conclude, in section 8.5 we illustrate a possible simple and generic extension
of the NMSSM that can make it compatible with standard gauge unification even for a
coupling λ & 1.
8.1 The Next-to-Minimal Supersymmetric Standard
Model
The Next-to-Minimal Supersymmetric Standard Model differs from the MSSM only in
the Higgs sector. In addition to the two doublets Hu and Hd one adds a third chiral
superfield S to the model, singlet under all the gauge groups of the SM. The singlet S
interacts at tree-level only with itself and with the other two Higgses through a cubic
coupling λSHuHd [217]. The most general superpotential of the NMSSM then reads
WNMSSM = WMSSM +
m2S
2
S2 +
κ
3
S3 + λHuHdS. (8.1)
A scalar potential for S is generated as usual through F -terms. D-terms are not involved
there since the singlet has no gauge interactions. Including also the soft SUSY-breaking
terms, which are of course present for all the fields, the scalar potential for the Higgs
sector reads
V (Hu, Hd, S) = |µ+ λS|2
(|H+u |2 + |H0u|2 + |H−d |2 + |H0d |2)+ VD(Hu, Hd)
+
∣∣m2SS + κS2 + λ(H+u H−d −H0uH0d)∣∣2 + Vsoft(Hu, Hd, S), (8.2)
where VD are the same D-terms of (7.29).
The cubic interaction of the singlet with Hu and Hd generates an effective µ-term when
S takes a vev vS. Particular versions of the NMSSM, where µ is forbidden at tree-level by
some symmetry, provide thus a solution to the µ-problem. Two relevant examples of this
kind are the scale-invariant NMSSM, where all the dimensionful couplings do vanish, and
the Peccei-Quinn-invariant NMSSM, where the superpotential satisfies a global Peccei-
Quinn symmetry [224,225] which forbids both mS and κ, in addition to the µ-term.
As we now see, the most important consequence of the λ coupling is to add a new
contribution to the tree-level masses of the Higgs bosons, thus reducing the value of the
radiative correction.
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8.1.1 Physical parameters of the CP-even Higgs system
Assuming a negligibly small violation of CP in the Higgs sector, we take as a starting
point the form of the squared mass matrix of the neutral CP-even Higgs system in the
general NMSSM:
M2 =
 m2Z cos2 β +m2A sin2 β (v2λ2 −m2A −m2Z) cos β sin β vM1(v2λ2 −m2A −m2Z) cos β sin β m2A cos2 β +m2Z sin2 β + δ2t vM2
vM1 vM2 M
2
3
 (8.3)
in the basis H = (H0d , H0u, S)T . In this equation
m2A = m
2
H± −m2W +
λ2v2
2
, (8.4)
where mH± is the physical mass of the single charged Higgs boson, v ' 174 GeV, and
δ2t = ∆
2
t (mt˜1 ,mt˜2 , θt˜)/ sin
2 β (8.5)
is the well-known effect of the top-stop loop corrections to the quartic coupling of Hu
(7.43), with mt˜1,2 and θt˜ physical stop masses and mixing. We neglect the analogous
correction (7.48) to equation (8.4) [178], which lowers mH± by less than 3 GeV for stop
masses below 1 TeV. More importantly we have also not included in (8.3) the one loop
corrections to the 12 and 11 entries, respectively proportional to the first and second power
of (µAt)/〈m2t˜ 〉, to which we shall return. We leave unspecified the other parameters in
eq. (8.3), M1,M2,M3, which are not directly related to physical masses and depend on
the particular NMSSM under consideration. Note that here, unlike in the MSSM case,
the quantity mA in (8.3) and (8.4) does not correspond to the physical mass of a CP-odd
scalar, but has to be considered just as a parameter of the Lagrangian.
The vector of the three physical mass eigenstates Hph is related to the original scalar
fields by
H = R12α R23γ R13σ Hph ≡ RHph, (8.6)
where Rijθ is the rotation matrix in the ij sector by the angle θ = α, γ, σ. For later purposes
it is useful to define also the basis (H, h, s)T = R12β−pi/2H where the field h = cβHu + sβHd
takes all the vev.
Defining Hph = (h3, h1, h2)T , we have
RTM2R = diag(m2h3 ,m2h1 ,m2h2). (8.7)
We identify h1 with the state found at the LHC, so that mh1 = 125.7 GeV. From (8.6) h1
is related to the original fields by
h1 = cγ(−sαHd + cαHu) + sγS, (8.8)
where sθ = sin θ, cθ = cos θ. Similar relations, also involving the angle σ, hold for h2 and
h3.
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Figure 8.1. Fit of the measured signal strengths of h1 = hLHC. Left: 3-parameter fit of tanβ,
sδ and s
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γ . The allowed regions at 95% C.L. are given for s
2
γ = 0 (black), 0.15 (dark grey), and
0.3 (light grey). The regions overlap in part, but their borders are also shown. Right: Fit of s2γ
in the case of δ = 0.
These angles determine the couplings of h1 = hLHC to the fermions or to vector boson
pairs, V V = WW,ZZ, normalized to the corresponding couplings of the SM Higgs boson.
Defining δ = α− β + pi/2, they are given by (see also [209,226])
gh1tt
gSMhtt
= cγ(cδ +
sδ
tan β
),
gh1bb
gSMhbb
= cγ(cδ − sδ tan β), gh1V V
gSMhV V
= cγcδ. (8.9)
The fit of all ATLAS [21–27, 201–203], CMS [14–20, 204–207] and TeVatron [208] data
collected so far on the various signal strengths of hLHC gives the bounds on δ for different
fixed values of γ shown in the left of figure 8.1 and the bound on γ for δ = 0 shown in the
right of figure 8.1. To make this fit, we adapt the code provided by the authors of [13].
As stated below, we do not include in this fit any supersymmetric loop effects. Note that
in the region of sδ close to zero, a larger s
2
γ forces δ to take a larger central value.
The matrix equation (8.7) restricted to the 12 sector gives three relations between
the mixing angles α, γ, σ and the physical masses mh1,h2,h3 ,mH± for any given value of
λ, tan β and ∆t. In terms of the 2 × 2 submatrix M2 in the 12 sector of M2, eq. (8.3),
these relations can be made explicit as
s2γ =
detM2 +m2h1(m
2
h1
− trM2)
(m2h1 −m2h2)(m2h1 −m2h3)
, (8.10)
s2σ =
m2h2 −m2h1
m2h2 −m2h3
detM2 +m2h3(m
2
h3
− trM2)
detM2 −m2h2m2h3 +m2h1(m2h2 +m2h3 − trM2)
, (8.11)
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s2δ =
[
2sσcσsγ
(
m2h3 −m2h2
) (
2M˜211 −m2h1c2γ −m2h2(s2γ + s2σc2γ)−m2h3(c2σ + s2γs2σ)
)
+ 2M˜212
(
m2h3
(
c2σ − s2γs2σ
)
+m2h2
(
s2σ − s2γc2σ
)−m2h1c2γ) ]
×
[ (
m2h3 −m2h2s2γ −m2h1c2γ
)2
+
(
m2h2 −m2h3
)2
c4γs
4
σ
+ 2
(
m2h2 −m2h3
) (
m2h3 +m
2
h2
s2γ −m2h1
(
1 + s2γ
))
c2γs
2
σ
]−1
, (8.12)
where sθ = sin θ, cθ = cos θ and M˜
2 = Rβ−pi/2M2RTβ−pi/2 is the mass matrix in the basis
(H, h). These expressions for the mixing angles do not involve the unknown parameters
M1,M2,M3, which depend on the specific NMSSM. Their values in particular cases may
limit the range of the physical parameters mh1,h2,h3 ,mH± and δ, γ, σ but cannot affect
equations (8.10), (8.11) and (8.12). To our knowledge, analytical expressions for the
mixing angles in the general NMSSM have not been presented before.
To simplify the analysis we consider two limiting cases:
1. H decoupled: In eq. (8.3) m2A  vM1, vM2 or mh3  mh1,h2 and σ, δ → 0,
2. Singlet decoupled: In eq. (8.3) M23  vM1, vM2 or mh2  mh1,h3 and σ, γ → 0,
but we use (8.10)–(8.12) to control the size of the deviations from the limiting cases when
the heavier mass is lowered.
When considering the couplings of the CP-even scalars to SM particles, relevant to
their production and decays, we shall not include any supersymmetric loop effect other
than the one that gives rise to (8.5). This is motivated by the kind of spectrum outlined in
the previous section, with all s-particles at their “naturalness limit”, and provides in any
event a useful well-defined reference case. We also do not include any invisible decay of
the CP-even scalars, e.g. into a pair of neutralinos. To correct for this is straightforward
with all branching ratios and signal rates that will have to be multiplied by a factor
Γvis/(Γvis + Γinv). Finally we do not consider here the two neutral CP-odd scalars, since
in the general NMSSM both their masses and their composition in terms of the original
fields depend upon extra parameters not related to the masses and the mixings of the
CP-even states nor to the mass of the charged Higgs.
8.2 Singlet decoupled
Let us consider the limit M23  vM1, vM2 in (8.3), which corresponds to mh2  mh1 ,mh3
and σ, γ → 0, where the singlet decouples from the other two neutral Higgs states. In
this case the three relations that have led to (8.10)–(8.12) become
sin 2α = sin 2β
λ2v2 −m2Z −m2A|mh1
m2A|mh1 +m2Z + δ2t − 2m2h1
, (8.13)
m2h3 = m
2
A|mh1 +m2Z + δ2t −m2h1 , (8.14)
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Figure 8.2. Singlet decoupled. Isolines of mhh (8.16) (solid) and of mH± (dashed). The grey
region is unphysical due to m 2H± < 0, the colored regions are excluded at 95% C.L.
where
m2A
∣∣
mh1
=
λ2v2
2
(
λ2v2
2
−m2Z
)
sin2 2β −m2h1(m2h1 −m2Z − δ2t )−m2Zδ2t cos2 β
m2hh −m2h1
, (8.15)
and
m2hh = m
2
Zc
2
2β +
λ2v2
2
s22β + ∆
2
t (8.16)
is the second diagonal entry in the square mass matrix M˜ of the reduced basis (H, h).
Identifying h1 with the resonance found at the LHC, since mh1 is known, this determines
the masses of h3 and H
± for any given value of λ and tan β.
From our point of view, one of the main motivations for considering the NMSSM is
the possibility to account for the mass of hLHC with not too big values of the stop masses.
For this reason we take ∆t = 75 GeV, which can be obtained e.g. for an average stop
mass of about 700 GeV and maximal mixing θt ' 45◦. In turn, as will be momentarily
seen, the consistency of (8.13)–(8.15) requires not too small values of the coupling λ. It
turns out in fact that for any value of ∆t . 85 GeV the dependence on ∆t itself can be
neglected, so that mh3 , mH± and δ are determined by tan β and λ only. For the same
reason it is legitimate to neglect the one-loop corrections to the 11 and 12 entries of the
mass matrix (8.3) as long as µAt/〈m2t˜ 〉 . 1.
Fixing ∆t, the knowledge of δ in every point of the (λ, tan β) plane allows to draw
the currently excluded regions from the measurements of the signal strengths of hLHC, as
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Figure 8.3. Singlet decoupled. Isolines of λ (solid) and mH± (dashed). Left: hLHC > h3.
Right: hLHC < h3. The orange region is excluded at 95% C.L. by the experimental data for the
signal strengths of h1 = hLHC. The blue region is unphysical.
determined by a two-parameter fit of tan β, sin δ, and shown in figure 8.2. This fit results
in an allowed region which is virtually the same as the one with γ = 0 in the left side
of figure 8.1. Negative searches at LHC of h3 → τ¯ τ may also exclude a further portion
of the parameter space for mh3 > mh1 . When drawing the currently excluded regions,
we are not considering the possible decays of hLHC and/or of h3 into invisible particles,
such as dark matter, or into any final state undetected because of backgrounds, like e.g.
a pair of light pseudo-scalars. The existence of such decays, however, would not alter in
any significant way the excluded regions from the measurements of the signal strengths of
hLHC, because the inclusion in the fit of the LHC data of an invisible branching ratio of
hLHC, BRinv, leaves essentially unchanged the allowed range for δ at different tan β values,
provided BRinv . 0.2.
In figure 8.3 we reflect the allowed regions in the plane (tan β,mh3) and show the
isolines of λ and mH± , both for mh1 < mh3 and for mh3 < mh1 . In the first case, when
inverting λ as a function of tan β,mh3 , there are two possible solutions. If the left panel
of figure 8.3 we show only the one which corresponds to the narrow allowed region with
mhh close to 126 GeV. The other allowed region in figure 8.2, corresponding to the other
solution for λ when translated to the (tan β,mh3) plane, always implies a charged Higgs
mass mH± below 150 GeV, which is disfavored by indirect constraints [227]. Note that this
region, corresponding to the allowed region with large δ in figure 8.1, is mainly allowed
because of the large error in the measurement of the bb¯ coupling of hLHC. Reducing this
error down to about 30% around gh1bb/g
SM
hbb ' 1 would exclude the region.
Note, as anticipated, that λ is bound to be above about 0.6. To go to lower values of
λ would require considering ∆t & 85 GeV, i.e. heavier stops. On the other hand in this
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Figure 8.4. Singlet decoupled. Isolines of gluon fusion production cross section σ(gg → h3).
The colored regions are excluded at 95% C.L., and the dashed line shows mH± = 300 GeV. Left:
LHC8. Right: LHC14.
singlet-decoupled case lowering λ and raising ∆t makes the NMSSM more close to the
MSSM.
The couplings of h3 are the same as in the MSSM and are given by (7.54). They allow
to compute the gluon-fusion production cross section of h3 using the same procedure of the
MSSM case that we described in section 7.4. We performed the computation starting from
the NNLL SM cross section using both NLO running masses [212], and LO masses plus
K-factors [213], performing a further check with the program Higlu [214, 215], finding
an excellent agreement between all the procedures. The results for the cross section are
shown in figure 8.4 for mh3 > mh1 .
The coupling of h3 to the lighter state
gh3h21
2
h3h
2
1 and the triple Higgs coupling
gh31
6
h31
are given by
gh3h21 =
1
2v
[(
m2Z +
λ2v2
2
)
sin δ + 3
(
m2Z −
λ2v2
2
)
sin(4β + 3δ)
]
− 3∆
2
t
v
cos(β + δ) sin2(β + δ)
sin3 β
, (8.17)
gh31
gSM
h31
=
(
m2Z +
λ2v2
2
)
cos δ +
(
m2Z − λ
2v2
2
)
cos(4β + 3δ)
2m2h1
+
∆2t
m2h1
sin3(β + δ)
sin3 β
. (8.18)
Figures 8.5 and 8.6 show the most relevant widths of h3.
The significant constraint set on figure 8.3 by the current measurements of the sig-
nal strengths of hLHC suggests that an improvement of such measurements, as foreseen
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Figure 8.5. Singlet decoupled. Left: isolines of the total width Γh3(GeV). Right: isolines
of BR(h3 → hh). The colored regions are excluded at 95% C.L., and the dashed line shows
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Figure 8.6. Singlet decoupled. Left: Isolines of BR(h3 → tt¯). Right: Isolines of BR(h3 → bb¯).
The colored regions are excluded at 95% C.L., and the dashed line shows mH± = 300 GeV.
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Figure 8.7. Singlet decoupled. Isolines of λ (solid) and mH± (dashed). Left: hLHC > h3.
Right: hLHC < h3. The orange region would be excluded at 95% C.L. by the experimental data
for the signal strengths of h1 = hLHC with SM central values and projected errors at the LHC14
as discussed in the text. The blue region is unphysical.
in the coming stage of LHC, could lead to an effective exploration of most of the rele-
vant parameter space. To quantify this we have considered the impact on the fit of the
measurements of the signal strengths of hLHC with the projected errors at LHC14 with
300 fb−1 by ATLAS [228] and CMS [229], shown in table 8.1. The result is shown in
figure 8.7, again both for mh3 < mh1 and for mh1 < mh3 , assuming SM central values for
the signal strengths.
Needless to say, the direct search of the extra CP-even states will be essential either
in presence of a possible indirect evidence from the signal strengths or to fully cover the
parameter space for mh3 > mh1 . To this end, under the stated assumptions, all production
cross sections and branching ratios for the h3 state are determined in every point of the
ATLAS CMS
h→ γγ 0.16 0.15
h→ ZZ 0.15 0.11
h→ WW 0.30 0.14
V h→ V bb¯ – 0.17
h→ ττ 0.24 0.11
h→ µµ 0.52 –
Table 8.1. Projected uncertainties of the measurements of the signal strengths of hLHC, nor-
malized to the SM, at the 14 TeV LHC with 300 fb−1.
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Figure 8.8. H decoupled. Isolines of sin2 γ. Left: λ = 0.8. Right: λ = 1.4. The colored region
is excluded at 95% C.L. by the experimental data for the signal strengths of h1 = hLHC.
(tan β,mh3) plane.
One may ask if the electro-weak precision tests (EWPT) set some further constraint
on the parameter space explored so far. In the singlet-decoupled case the mixing between
the two doublets can in principle lead to important effects, which are however limited by
the constraint on the mixing angle α or the closeness to zero of δ = α− β + pi/2 already
demanded by the measurements of the signal strengths of hLHC.
3 Since in the δ = 0
limit every extra effect on Sˆ and Tˆ vanishes, this explains why the EWPT do not impose
further constraints on the parameter space that we have considered.
8.3 Doublet decoupled
As we are going to see, the situation changes significantly when considering the case where
the singlet S mixes with the doublet with SM couplings. To study this limiting case, it
is best to go in the basis (H, h, s) with H = sβHd − cβHu and h = cβHd + sβHu, and let
H ≈ h3 decouple, so that σ, δ → 0. For the remaining nonvanishing angle γ one has
sin2 γ =
m2hh −m2h1
m2h2 −m2h1
. (8.19)
3Notice that in the fully mixed situation there may be relevant regions of the parameter space still
allowed by the fit with a largish δ (see e.g. figure 8.2). This could further constrain the small allowed
regions, but the precise contributions to the EWPT depend on the value of the masses of the CP-odd
scalars, which in the generic NMSSM are controlled by further parameters.
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(a) 8 TeV, λ = 0.8
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(b) 8 TeV, λ = 1.4
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(c) 14 TeV, λ = 0.8
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(d) 14 TeV, λ = 1.4
Figure 8.9. H decoupled. Isolines of gluon fusion cross section σ(gg → h2) at LHC8 and
LHC14, for the values λ = 0.8 and λ = 1.4. The colored region is excluded at 95% C.L.
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Figure 8.10. H decoupled. Isolines of BR(h2 → hh). Left: λ = 0.8 and vS = 2v. Right:
λ = 1.4 and vS = v. The colored region is excluded at 95% C.L.
Note that in this case there is only a single relation between the mixing angle and the
mass of the extra CP-even state mh2 involving only λ, tan β and ∆t. For this reason one
has to fix two parameters in order to produce plots similar to the ones of the previous
section.
Due to the singlet nature of S, it is straightforward to see that the couplings of
h1 = hLHC and h2 to fermions or to vector boson pairs, V V = WW,ZZ, normalized to
the same couplings of the SM Higgs boson, are given by
gh1ff
gSMhff
=
gh1V V
gSMhV V
= cγ,
gh2ff
gSMhff
=
gh2V V
gSMhV V
= −sγ. (8.20)
As a consequence for mh2 > mh1/2 none of the branching ratios of h1 = hLHC and h2
gets modified with respect to the ones of a SM Higgs boson with the corresponding mass,
whereas their production cross sections, or the various signal strengths, are reduced by
a common factor c2γ or s
2
γ respectively for h1 and h2. The fit of all experimental data
collected so far gives the bound s2γ < 0.22 at 95% C.L., as shown in the right side of
figure 8.1.
Let us first consider the case in which mh1 < mh2 . Upon use of (8.19) the impact of
the fit to the hLHC couplings on the parameter space is shown in figure 8.8 for λ = 0.8
and 1.4, together with the isolines of different values of s2γ that might be probed by
future improvements in the measurements of the h1 signal strengths. Larger values of λ
already exclude a significant portion of the parameter space, at least for moderate tan β,
as preferred by naturalness. Here we are taking a fixed value of ∆t = 75 GeV as in the
singlet-decoupled case. As already stated, as long as one stays at ∆t . 85 GeV, in a range
of moderate fine tuning, and λ & 0.8, our results do not depend significantly on ∆t.
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Figure 8.11. H decoupled. Isolines of BR(h2 → W+W−). Left: λ = 0.8 and vS = 2v. Right:
λ = 1.4 and vS = v. The colored region is excluded at 95% C.L.
In the same (tan β,mh2) plane of figure 8.8 and for the same values of λ, figure 8.9
shows the gluon-fusion production cross sections of h2 at LHC for 8 or 14 TeV center-of-
mass energies, where we rescaled by s2γ the (next-to-next-to-leading logarithmic) NNLL
ones provided in [212]. All other h2 production cross sections, relative to the gluon-fusion
one, scale as in the SM with mhSM = mh2 .
To determine the decay properties of h2 it is crucial to know its coupling (gh2h21/2)h2h
2
1
to the lighter state. In the general NMSSM and in the large-mH limit considered in this
section, the leading λ2-term contribution to this coupling, as well as the one to the cubic
h1 coupling (gh31/6)h
3
1, are given by
gh2h21 =
λ2v
16
(
4
vS
v
cos γ + 12
vS
v
cos 3γ − 7 sin γ + 12 cos 4β cos2 γ sin γ + 9 sin 3γ
)
− 3
v
∆2t cos
2 γ sin γ, (8.21)
gh31
gSM
h31
=
λ2v2
16m2h1
cos γ
(
10− 4 cos 4β cos2 γ − 6 cos 2γ + 8vS
v
sin 2γ
)
+
∆2t
m2h1
cos3 γ, (8.22)
where vS is the vev of the singlet. Figures 8.12 and 8.10 show the total width of h2 and
its branching ratio into a pair of light states for some choices of vS. The other most
significant decay mode of h2 is into a W pair, with a branching ratio given in figure 8.11.
Figure 8.13 shows the triple h1 coupling normalized to the SM one.
These results depend on the value taken by vS. In particular we note that the Higgs
fit still allows the triple Higgs coupling to get a relative enhancement of a factor of a few
(with a negative or positive sign) with respect to the Standard Model one, thus yielding
potentially large effects in Higgs pair production cross sections [230].
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Figure 8.12. H decoupled. Isolines of the total width Γh2(GeV). Left: λ = 0.8 and vS = 2v.
Right: λ = 1.4 and vS = v. The colored region is excluded at 95% C.L.
When mh2 < mh1 we consider both the low and the large λ cases. The low λ case
(λ = 0.1) is shown in figure 8.14 for two values of ∆t together with the isolines of s
2
γ. As in
the previous sections we do not include any invisible decay mode except for hLHC → h2h2
when kinematically allowed.4 Here an invisible branching ratio of hLHC, BRinv, would
strengthen the bound on the mixing angle to s2γ < (0.22− 0.78BRinv).
For λ close to unity we take again ∆t = 75 GeV, but any choice lower than this would
not change the conclusions. The currently allowed region is shown in figure 8.15 for two
values of λ. Note that, for large λ, no solution is possible at low enough tan β, since,
before mixing, m2hh in eq. (8.16) has to be below the mass squared of hLHC.
How will it be possible to explore the regions of parameter space currently still allowed
in this mh2 < mh1( mh3) case in view of the reduced couplings of the lighter state?
Unlike in the singlet-decoupled case, the improvement in the measurements of the signal
strengths of hLHC is not going to play a major role. Based on the projected sensitivity
of table 8.1, the bound on the mixing angle will be reduced to s2γ < 0.15 at 95% C.L. A
significant deviation from the case of the SM can occur in the cubic hLHC-coupling gh31 , like
in the mh1 < mh2 case, as shown in figure 8.16. The LHC14 in the high-luminosity regime
is expected to get enough sensitivity to be able to see such deviations [231, 228, 232]. At
that point, on the other hand, the searches for directly produced s-partners should have
already given some clear indications on the relevance of the entire picture.
Finally, we have directly checked that EWPT do not put any further constraint on
4To include hLHC → h2h2 we rely on the triple Higgs couplings as computed by retaining only the λ2-
contributions. This is a defendable approximation for λ close to unity, where hLHC → h2h2 is important.
In the low λ case the λ2-approximation can only be taken as indicative, but there hLHC → h2h2 is less
important.
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Figure 8.13. H decoupled. Isolines of ghhh/g
SM
hhh. Left: λ = 0.8 and vS = 2v. Right: λ = 1.4
and vS = v. The colored region is excluded at 95% C.L.
the parameter space also in the H-decoupled case. The reason is different with respect to
the singlet-decoupled case. Here the reduced couplings of hLHC to the weak bosons lead
to well known asymptotic formulae for the corrections to the Sˆ and Tˆ parameters [138]
∆Sˆ = +
α
48pis2w
s2γ log
m2h2
m2hLHC
, ∆Tˆ = − 3α
16pic2w
s2γ log
m2h2
m2hLHC
(8.23)
valid for mh2 sufficiently heavier that hLHC. The correlation of s
2
γ with mh2 given in eq.
(8.19) leads therefore to a rapid decoupling of these effects. The one loop effect on Sˆ
and Tˆ becomes also vanishingly small as mh2 and hLHC get close to each other, since in
the degenerate limit any mixing can be redefined away and only the standard doublet
contributes as in the SM.
8.4 Three-state mixing
In the general case where none of the states is completely decoupled the three angles
δ, γ and σ can all be different from zero, and the three masses mh2 , mh3 and mH±
are all virtually independent. This complicates the analysis with respect to the simpler
limiting cases of the previous sections, although several consistency relations among them
are present. In figure 8.17 we show the excluded regions in the plane (tan β,mh2) for
mh3 = 750 GeV and λ = 1.4, setting s
2
σ to two different values in order to fix mH± . When
s2σ = 0 one recovers the previous H decoupled case in the limit mh3 →∞. With respect
to this case, both γ and δ are free parameters in the fit to the couplings of hLHC, and as
a consequence the bounds are milder than what is expected from using only γ. If s2σ 6= 0,
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Figure 8.14. H-decoupled. Isolines of s2γ . λ = 0.1 and vS = v. Left: ∆t = 75 GeV. Right:
∆t = 85 GeV. Orange and blue regions as in figure 8.3. The red region is excluded by LEP
direct searches for h2 → bb¯.
h2 and h3 are not decoupled, and their masses can not be split very consistently with all
the other constraints. This is reflected in a broader excluded region for low mh2 in the
right side of figure 8.17, where we take s2σ = 0.25.
8.4.1 The diphoton signal
The phenomenological exploration of the situation considered in the previous section
could be significantly influenced if the third state were not fully decoupled. As a relevant
example we still consider the case of a state h2 lighter than hLHC, lowering mh3 to 500
GeV, to see if it could have an enhanced signal strength into γγ. Using (8.10)–(8.12), for
fixed values of σ, λ and ∆t, the two remaining angles α (or δ = α − β + pi/2) and γ are
determined in any point of the (tan β,mh2) plane and so are all the branching ratios of h2
and of hLHC. More precisely δ is fixed up to the sign of sσcσsγ (see first line of eq. (8.12)).
Notice that this is the only physical sign that enters the observables we are considering.
The corresponding situation is represented in figure 8.18, for two choices of λ and
∆t. The sign of sσcσsγ has been taken negative in order to suppress BR(h2 → bb¯). This
constrains s2σ to be very small in order to leave a region still not excluded by the signal
strengths of hLHC, with δ small and negative. To get a signal strength for h2 → γγ close
to the SM one for the corresponding mass is possible for a small enough value of s2γ, while
the dependence on mh3 is weak for values of mh3 greater than 500 GeV. Note that the
suppression of the coupling of h2 to b-quarks makes it necessary to consider the negative
LEP searches for h2 → hadrons [233], which have been performed down to mh2 = 60 GeV.
Looking at the similar problem when h2 is heavier than hLHC, we find it harder to get
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Figure 8.15. H-decoupled. Isolines of s2γ . ∆t = 75 GeV and vS = v. Left: λ = 0.8. Right:
λ = 1.4. Orange and blue regions as in figure 8.3. The red region is excluded by LEP direct
searches for h2 → bb¯.
a signal strength close to the SM one, although this might be possible for a rather special
choice of the parameters.5 Our purpose here is more to show that in the fully mixed
situation the role of the measured signal strengths of hLHC, either current or foreseen,
plays a crucial role.
8.5 The NMSSM at λ & 1 and gauge coupling unifi-
cation
As said in the Introduction we are particularly interested in the NMSSM at λ close to
one and moderate tan β to limit the fine tuning. At least in the H decoupled case we
have seen in section 8.3 that this is consistent with current data. On the other hand a
well known objection to the NMSSM at λ & 1 is its compatibility with gauge coupling
unification. Requiring λ to stay semi-perturbative up to the grand unified theory (GUT)
scale bounds λ at the weak scale at about 0.7 [235]. This value is in fact influenced by the
presence of vector-like matter in full SU(5) multiplets that slows down the running of λ
by increasing the gauge couplings at high energies. However, even adding three vector-like
five-plets at 1 TeV, in which case αG still remains perturbative, does not allow λ at the
weak scale to go above 0.8 [236,237].
There are several ways [238–245] in which λ could go to 1–1.5 without spoiling uni-
5An increasing significance of the excess found by CMS [234] at 136 GeV would motivate such special
choice.
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Figure 8.16. H-decoupled. Isolines of gh3/gh3
∣∣
SM
. Left: λ = 0.1, ∆t = 85 GeV and vS = v.
Right: λ = 0.8, ∆t = 75 GeV and vS = v. Orange and blue regions as in figure 8.3. The red
region is excluded by LEP direct searches for h2 → bb¯.
fication nor affecting the consequences at the weak scale of the NMSSM Lagrangian, as
treated above. One further possibility also makes use of two vector-like five-plets as fol-
lows. For ease of exposition let us call them Fu,d + F¯u,d, where Fu is a 5 and Fd a 5¯, thus
containing one SU(2) doublet each, hu and hd, with the same quantum numbers of the
standard Hu, Hd used so far. Correspondingly F¯u,d contain two doublets that we call h¯u,d.
Needless to say all these are superfields. Let us further assume that the superpotential is
such that:
• The five-plets interact with a singlet S and pick up SU(5)-invariant masses consis-
tently with a Peccei-Quinn symmetry;
• The standard doublets Hu, Hd mix by mass terms with hu and hd, still maintaining
the Peccei-Quinn symmetry, and do not interact directly with S.
The corresponding superpotential is
W = λSSFuFd +MuFuF¯u +MdFdF¯d +muHuh¯u +mdHdh¯d + λtHuQt, (8.24)
where we have also made explicit the Yukawa coupling of the top to Hu. Below these
masses, all taken to be comparable, one is left with three massless supermultiplets after
eliminating the mixings through diagonalization of the quadratic terms:
S, Hˆu = cuHu + suhu, Hˆd = cdHd + sdhd, (8.25)
which interact through the superpotential
Wˆ = λˆSHˆuHˆd + λˆtHˆuQt, λˆ = λSsusd, λˆt = λtcu. (8.26)
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Figure 8.17. H “almost decoupled” with λ = 1.4 and mh3 = 750 GeV. The dashed isolines are
for mH± . Left: sin
2 σ = 0. Right: sin2 σ = 0.25. The colored region is excluded at 95% C.L. In
the grey area there is no solution for δ. The thick line shows the na¨ıve exclusion limit from s2γ
only.
This superpotential, completed by Peccei-Quinn symmetry breaking terms at the Fermi
scale, defines the effective NMSSM as discussed so far. To cure the growth of λˆ at
increasing energies, the masses in (8.24) will have to be crossed while λˆ is still semi-
perturbative. For λˆ = 1–1.5 these masses are above 1000 TeV.
At greater energies the running of the gauge couplings is affected, compared to the
standard supersymmetric case, by the supermultiplet Hu with a top Yukawa coupling
increased by a factor 1/cu and by the degenerate complete SU(5) multiplets Fu,d + F¯u,d.
To avoid a Landau pole before the GUT scale in the top Yukawa coupling, cu has to be
bigger than about 1/
√
2. As to the effect of Fu,d + F¯u,d, they do not alter the relative
one loop running of the gauge couplings but might give rise to an exceeding growth of all
of them before MGUT due to the presence of the coupling λS, which at some point will
get strong. To avoid this, a change of regime in the SU(5)-symmetric sector will have to
intervene to keep under control the anomalous dimensions of the Fu,d, F¯u,d superfields.
8.6 Summary and comparison of bounds
Given the current experimental informations, the Higgs sector of the NMSSM appears to
allow a minimally fine-tuned description of electro-weak symmetry breaking, at least in
the context of supersymmetric extensions of the SM. Motivated by this fact we have have
analyzed the different signal strengths of the newly found scalar resonance, together with
the current bounds from direct searches, in order to outline a possible overall strategy to
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Figure 8.18. Fully mixed situation. Isolines of the ratio between the signal strength of
h2 → γγ and the one for a SM Higgs with mass mh2 . We take mh3 = 500 GeV, s2σ = 0.001 and
vs = v. Left: λ = 0.1, ∆t = 85 GeV. Right: λ = 0.8, ∆t = 75 GeV. Orange and blue regions
as in figure 8.3. The red and dark red regions are excluded by LEP direct searches for h2 → bb¯
and h2 → hadrons respectively.
search for signs of the CP-even states.
To have a simple characterization of the properties of the extended Higgs system we
have focussed on relations between physical parameters. We have also not included any
radiative effects of superpartners other than the top-stop loop corrections to the quartic
Higgs couplings, (8.5), which mostly affect the properties of the lightest CP-even state
that we identify with hLHC. While providing at least a useful reference case, we think
that this is motivated by the consideration of superpartner masses at their “naturalness
limit”. Furthermore we have considered separately two limiting cases of the NMSSM,
in which one CP-even scalar is decoupled: either the singlet component or the doublet
H = −sβHd + cβHu. This allows to work in general with four effective parameters:
λ, tan β, ∆t in (8.5) and the mass of the intermediate CP-even scalar, h2 or h3 in the
two cases. The mass of h1 = hLHC sets one relation among these parameters. A further
relation exists in the singlet-decoupled case, of which the MSSM is a limit (λ = 0). We
have not been sticking to a particular NMSSM, which might imply specific constraints
on the physical parameters that we consider, but we have assumed to live in the case
of negligible CP violation in the Higgs sector. In each of the limiting cases we have
considered both the situation where hLHC is the lightest scalar, and the possibility – still
allowed by the data in some specific case – that there is a lighter CP-even state with
reduced couplings.
Within this framework, even though the signal strengths of hLHC are close to those
expected in the SM, they still allow for a new further state nearby, unlike in the case
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of the MSSM, where a CP-even scalar heavier than hLHC and below about 300 GeV is
unlikely [223]. This is true in both the limiting cases that we have considered, as visible in
figures 8.2 and 8.8, to be contrasted with figure 7.3. On the other hand, the same figures
show that the measured signal strengths of hLHC do limit the possible values of λ, at least
for moderate values of tan β, which is the region mostly motivated by naturalness: λ ≈ 1
is still largely allowed in the H-decoupled case, whereas it is borderline in the singlet
decoupled situation. As commented upon in section 8.5, we think that λ & 1 can be
compatible with gauge coupling unification.
Not surprisingly, a clear difference emerges between the singlet-decoupled and the
H-decoupled cases: the influence on the signal strengths of hLHC of the mixing with a
doublet or with a singlet makes the relative effects visible at different levels. A quantitative
estimate of the sensitivity of the foreseen measurements at LHC14 with 300 fb−1 makes it
likely that the singlet-decoupled case will be thoroughly explored, while the singlet-mixing
effects could remain hidden. We also found that, in the MSSM with (µAt)/〈m2t˜ 〉 . 1, the
absence of deviations in the hLHC signal strengths would push the mass of the other Higgs
bosons up to a TeV.
Needless to say, in any case the direct searches will be essential with a variety of
possibilities discussed in the literature.6 Most importantly from this point of view, the
new states behave quite differently in the two cases, especially in what concerns their
decay properties. The state h2 of the H-decoupled case has a large BR into a pair of h1,
whenever it is allowed by phase space, with V V as subdominant decay (figures 8.10,8.11).
With the production cross sections shown in figure 8.9 its direct search at LHC8 or LHC14
may be challenging, although perhaps not impossible [247–249]. It is also interesting that,
in theH-decoupled case, large deviations from the SM value are possible in the triple Higgs
coupling g3hLHC , contrary to the S-decoupled and MSSM cases. On the other hand the
reduced value of λ allowed in the singlet decoupled case makes the bb¯ channel, and so the
τ τ¯ , most important, below the tt¯ threshold (figures 8.5 and 8.6). This makes the state h3
relatively more similar to the CP-even H state of the MSSM (figures 7.6 and 7.7), which
is being actively searched. An important point in this comparison is that in the NMSSM
there are two CP-odd states and that the lightest of the two may be quite different from
the state A of the MSSM unless in a special S-decoupled case.
Finally, in case of a positive signal pointing to a second Higgs boson, direct or indirect,
it may be important to try to interpret it in a fully mixed scheme, involving all the three
CP-even states. To this end the analytic relations of the mixing angles to the physical
masses given in equations (8.10)–(8.12) offer a useful tool, as illustrated in the examples
of a γγ signal of figure 8.18.
6A first attempt at studying heavier Higgs decays in the NMSSM with λ > 1 was made in [246].
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9 Renormalization of the Standard
Model at two loops
After having considered in the previous chapters the best motivated scenarios of physics
at the Fermi scale, as suggested by the principle of naturalness, in this last part of the
work we are concerned the possibility that an unnatural Standard Model remains a valid
description of Nature up to very high scales, and ask ourselves what are the consequences
of the recent discovery of the Higgs for this scenario. Although suffering a severe fine-
tuning problem when viewed in an effective field theory framework, there are good reasons
to explore carefully the implications of such a picture.
As we have already discussed in detail, the measured value of the Higgs boson mass
Mh = 125.66 ± 0.34 GeV [13–15, 24, 25] is a bit high for supersymmetry and a bit low
for composite models, making theoretical interpretations not quite straightforward. On
the other hand, it lies well within the parameter window in which the SM can be ex-
trapolated all the way up to the Planck mass MPl, with no problem of consistency other
than remaining in the dark about naturalness. Remarkably, in the context of the SM
the measured value of Mh is special because it corresponds to a near-critical situation in
which the Higgs vacuum does not reside in the configuration of minimal energy, but in a
metastable state close to a phase transition [48] (for earlier considerations see [250–271];
for related studies see [272–294]).
The extrapolation of the SM up to high energies implies the computation of the
renormalization-group running of all the relevant parameters from the EW scale up to
the Planck scale. Moreover, when matching the running parameters to the physical mea-
sured quantities, threshold corrections at the weak scale – i.e. constant, renormalization
scheme-dependent radiative corrections – have also to be taken into account. The extreme
closeness of the Higgs mass to a critical point separating two phases with very different
physical properties motivates an accurate study which includes higher-order loop effects.
In this chapter we calculate the ms quartic Higgs coupling λ(µ¯) and the top Yukawa
coupling yt(µ¯) at NNLO precision (two loops) in terms of physical observables: the pole
masses of the Higgs (Mh), of the top (Mt), of the Z (MZ), of the W (MW ), the ms
strong coupling α3(MZ), and the Fermi constant Gµ. We improve on the study in ref. [48]
where two-loop threshold corrections to λ(µ¯) had been computed in the limit of vanishing
weak gauge couplings, and two-loop electroweak threshold corrections to yt(µ¯) had been
neglected. As a byproduct of our two-loop calculation of λ(µ¯) we also obtain the ms
quadratic Higgs coupling m2h(µ¯) at the NNLO level.
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LO NLO NNLO NNNLO
1 loop 2 loop 3 loop 4 loop
g3 full [295,296] O(α
2
3) [297,298] O(α
3
3) [299,300] O(α
4
3) [301,302]
O(α3α1,2) [303] O(α
2
3αt) [304]
full [305] full [306,307]
g1,2 full [295,296] full [305] full [306,307] —
yt full [308] O(α
2
t , α3αt) [309] full [310,311] —
full [312]
λ,m2h full [308] full [313,314] full [315,316] —
Table 9.1. Present status of higher-order computations of the renormalization-group equations
(β-functions) of the SM parameters. Here and in the following g2 and gY stand for the SU(2)L
and U(1)Y gauge couplings, while g3 is the strong gauge coupling..
Recently, many authors have contributed towards the completion of the calculation
of the renormalization-group evolution (β-functions and thresholds) of the sizeable SM
couplings at NNLO precision. We summarize the present status of these calculations in
tables 9.1, 9.2. Our new calculation of threshold corrections, together with the results
collected in table 9.2, will allow us to refine the determination of the critical value of Mh
that ensures absolute vacuum stability within the Standard Model up to the Planck scale.
9.1 Computing the ms parameters with two-loop ac-
curacy
In this section we first outline the general strategy followed to determine the ms param-
eters in terms of physical observables at the two-loop level. Then, in sections 9.2 and
9.3, we will discuss the results for the quartic and quadratic Higgs couplings, respectively,
while section 9.4 is dedicated to the calculation of two-loop threshold corrections to the
top Yukawa coupling, and the corrections to the electroweak gauge couplings are presented
in section 9.5.
9.1.1 Gauge invariance
First of all, all ms parameters have gauge-invariant renormalization group equations [325]
(see also [326]) and are gauge invariant, as we now prove.1 Let us consider a generic ms
coupling θ measuring the strength of a gauge invariant term in the Lagrangian and a
generic gauge fixing parametrized by ξ (for example the Rξ gauges). The definition of θ
1Gauge invariance of fermion pole masses has been proved in refs. [327–329] and here we generalize
their proof.
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LO NLO NNLO NNNLO
0 loop 1 loop 2 loop 3 loop
g2 2MW/V full [317,318] full [6] —
gY 2
√
M2Z −M2W/V full [317,318] full [6] —
yt
√
2Mt/V O(α3) [319] O(α
2
3, α3α1,2) [278] O(α
3
3) [320–322]
O(α) [323] full [6]
λ M2h/2V
2 full [324] for g1,2 = 0 [48] —
full [6]
m2h M
2
h full [324] full [6] —
Table 9.2. Present status of higher-order computations of weak-scale thresholds. With the
results of this chapter the calculation of the SM parameters at NNLO precision is complete.
Here we have defined V ≡ (√2Gµ)−1/2 and g1 =
√
5/3gY .
in terms of the bare coupling θ0 is
µ¯d−4θ0 =
∞∑
k=0
ck(θ, ξ)
(d− 4)k , (9.1)
where the ck are defined to be the residues at the divergence d = 4. The important point
is that c0 = θ, with no dependence on ξ. Since θ0 is gauge independent, we have
0 = µ¯d−4
dθ0
dξ
=
dθ
dξ
+
∞∑
k=1
1
(d− 4)k
dck(θ, ξ)
dξ
. (9.2)
Since this equation is valid for any d, and θ has no poles at d = 4 by definition, we obtain
dθ/dξ = 0, namely that is θ is gauge invariant (as well as all the residues ck).
2
9.1.2 Renormalization
To determine the ms parameters in terms of physical observables two strategies can be
envisaged:
(i) Perform an ms renormalization to obtain directly the ms quantity of interest in
terms of ms parameters. Then express the ms parameters in terms of the physical
ones via appropriately derived two-loop relations.
(ii) Use a renormalization scheme in which the renormalized parameters are directly
expressed in terms of physical observables (we call this scheme generically on-shell
(OS) and label quantities in this scheme with an OS). Then relate the parameters
as expressed in the OS scheme to their ms counterparts we are looking for.
2Notice that this proof does not apply to the Higgs vev v, because it is not the coefficient of a
gauge-invariant term in the Lagrangian.
138 Renormalization of the Standard Model at two loops
MW = 80.384± 0.014 GeV Pole mass of the W boson [330,331]
MZ = 91.1876± 0.0021 GeV Pole mass of the Z boson [332]
Mh = 125.66± 0.34 GeV Pole mass of the Higgs boson [13–15,24–26]
Mt = 173.10± 0.59± 0.3 GeV Pole mass of the top quark [333–338]
(
√
2Gµ)
−1/2 = 246.21971± 0.00006 GeV Fermi constant for µ decay [339]
α3(MZ) = 0.1184± 0.0007 ms gauge SU(3)c coupling [340]
Table 9.3. Input values of the SM observables used to fix the SM fundamental parameters
λ,m, yt, g2, gY . The pole top mass Mt is a na¨ıve average of TeVatron, CMS, ATLAS mea-
surements, all extracted from difficult Monte Carlo modellings of top decay and production in
hadronic collisions. Furthermore, Mt is also affected by a non-perturbative theoretical uncer-
tainty of order ΛQCD, that we quantify as ±0.3 GeV.
This last step can be easily done using the relation
θ0 = θOS − δθOS = θ(µ¯)− δθms (9.3)
or
θ(µ¯) = θOS − δθOS + δθms , (9.4)
where θ0 is the bare parameter, θ(µ¯) (θOS) is the renormalized ms (OS) version and
δθms (δθOS) the corresponding counterterm. By definition δθms subtracts only the terms
proportional to powers of 1/ and γ − ln(4pi) in dimensional regularization, with d =
4− 2  being the space-time dimension. Concerning the structure of the 1/ poles in the
OS and ms counterterms, one notices that it should be identical once the poles in the
OS counterterms are expressed in terms of ms quantities. Then, after this operation is
performed, the desired θ(µ¯) is obtained from
θ(µ¯) = θOS − δθOS|fin + ∆θ, (9.5)
where the subscript ‘fin’ denotes the finite part of the quantity involved and ∆ is the two-
loop finite contribution that is obtained when the OS parameters entering the 1/ pole
in the OS counterterm are expressed in terms of ms quantities – the finite contribution
coming from the O() part of the shifts.
In the following we adopt strategy (ii). The quantities of interests θ = (m2, λ, v, yt, g2, g1)
– i.e. the quadratic and quartic couplings in the Higgs potential, the vacuum expectation
value, the top Yukawa coupling, the SU(2)L and U(1)Y gauge couplings g2 and gY (with
g1 =
√
5/3 gY being the hypercharge coupling rewritten in SU(5) normalization) – are
directly determined in terms of the pole masses3 of the Higgs (Mh), of the top (Mt), of
the Z (MZ), of the W (MW ), the Fermi constant Gµ and the ms strong coupling α3(MZ).
3We will indicate throughout this chapter physical measurable quantities, such as pole masses, with
capital letters, and any bare quantity with a subscript 0.
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Their input values are listed in table 9.3. Then, using eq. (9.5), the ms quantities are
obtained. We notice that the weak-scale values for the ms gauge couplings at the scale
µ¯ are given in terms of Gµ, MW and MZ and not in terms of the fine structure constant
and the weak mixing angle at the MZ scale as usually done.
The classical Higgs doublet H0 is defined by eq. (2.7) in terms of the physical Higgs
field h, and of the neutral and charged would-be Goldstone bosons η and χ. The renor-
malization of the Higgs potential (2.6), was discussed at the one-loop level in [324] and
extended at the two-loop level in [48]. We refer to these papers for details. We recall that
in ref. [48] the renormalized vacuum is identified with the minimum of the radiatively
corrected potential4 and it is defined through Gµ. Writing the relation between the Fermi
constant and the bare vacuum as
Gµ√
2
=
1
2v20
(1 + ∆r0) , (9.6)
one gets
v2OS =
1√
2Gµ
, δv2OS = −
∆r0√
2Gµ
. (9.7)
The quadratic and quartic couplings in the Higgs potential in the on-shell renormalization
scheme are defined through Mh via
λOS =
Gµ√
2
M2h , m
2
OS = M
2
h . (9.8)
Writing the counterterm for the quartic Higgs coupling as
δλOS = δ
(1)λOS + δ
(2)λOS , (9.9)
where the superscript indicates the loop order, one finds
δ(1)λOS =
Gµ√
2
M2h
{
∆r(1)0 +
1
M2h
[
T (1)
vOS
+ δ(1)M2h
]}
, (9.10)
δ(2)λOS =
Gµ√
2
M2h
{
∆r(2)0 +
1
M2h
[
T (2)
vOS
+ δ(2)M2h
]
+
−∆r(1)0
(
∆r(1)0 +
1
M2h
[
3T (1)
2 vOS
+ δ(1)M2h
])}
. (9.11)
In (9.10), (9.11) iT represents the sum of the tadpole diagrams with external leg extracted,
and δM2a labels the mass counterterm for the particle a.
Similarly, one finds for the counterterm of the quadratic Higgs coupling in the potential
δ(1)m2OS = 3
T (1)
vOS
+ δ(1)M2h , (9.12)
δ(2)m2OS = 3
T (2)
vOS
+ δ(2)M2h −
3T (1)
2 vOS
∆r(1)0 . (9.13)
4This condition is enforced choosing the tadpole counterterm to cancel completely the tadpole graphs.
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The top Yukawa and gauge couplings are fixed using Mt, MW and MZ via
Mt =
ytOS√
2
vOS, M
2
W =
g22OS
4
v2OS, M
2
Z =
g22OS + g
2
YOS
4
v2OS, (9.14)
or
ytOS = 2
(
Gµ√
2
M2t
)1/2
, g2OS = 2
(√
2Gµ
)1/2
MW , gYOS = 2
(√
2Gµ
)1/2√
M2Z −M2W .
(9.15)
The corresponding counterterms are found to be
δ(1)ytOS = 2
(
Gµ√
2
M2t
)1/2(
δ(1)Mt
Mt
+
∆r
(1)
0
2
)
, (9.16)
δ(2)ytOS = 2
(
Gµ√
2
M2t
)1/2(
δ(2)Mt
Mt
+
∆r
(2)
0
2
− ∆r
(1)
0
2
[
δ(1)Mt
Mt
+
3 ∆r
(1)
0
4
])
, (9.17)
for the top Yukawa coupling,
δ(1)g2OS =
(√
2Gµ
)1/2
MW
(
δ(1)M2W
M2W
+ ∆r(1)0
)
, (9.18)
δ(2)g2OS =
(√
2Gµ
)1/2
MW
(
δ(2)M2W
M2W
+ ∆r(2)0
− ∆r
(1)
0
2
[
δ(1)M2W
M2W
+
3∆r
(1)
0
2
]
+
1
4
(
δ(1)M2W
M2W
)2)
, (9.19)
for the SU(2)L gauge coupling, and
δ(1)gYOS =
(√
2Gµ
)1/2√
M2Z −M2W
(
δ(1)M2Z − δ(1)M2W
M2Z −M2W
+ ∆r(1)0
)
, (9.20)
δ(2)gYOS =
(√
2Gµ
)1/2√
M2Z −M2W
[
δ(2)M2Z − δ(2)M2W
M2Z −M2W
+ ∆r(2)0
−∆r
(1)
0
2
(
δ(1)M2Z − δ(1)M2W
M2Z −M2W
+
3∆r
(1)
0
2
)
+
1
4
(
δ(1)M2Z − δ(1)M2W
M2Z −M2W
)2]
(9.21)
for the hypercharge gauge coupling.
9.2 Two-loop correction to the Higgs quartic cou-
pling
The ms Higgs quartic coupling is given by
λ(µ¯) =
Gµ√
2
M2h + λ
(1)(µ¯) + λ(2)(µ¯), (9.22)
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with
λ(1)(µ¯) = − δ(1)λOS
∣∣
fin
, (9.23)
λ(2)(µ¯) = − δ(2)λOS
∣∣
fin
+ ∆λ . (9.24)
The one-loop contribution in (9.22), λ(1), is given by the finite part of equation (9.10).
Concerning the two-loop part, λ(2)(µ¯), the QCD corrections were presented in refs. [278,
48], and the two-loop electroweak (EW) part, λ
(2)
EW(µ¯), was computed in ref. [48] in the
so-called gauge-less limit of the SM, in which the electroweak gauge interactions are
switched off. The main advantage of this limit results in a simplified evaluation of ∆r
(2)
0 .
The computation of the two-loop EW part in the full SM requires instead the complete
evaluation of this quantity and we outline here the derivation of λ
(2)
EW(µ¯) starting from the
term ∆r
(2)
0 in δ
(2)λOS.
9.2.1 Two-loop correction to the muon decay constant
We recall that the Fermi constant is defined in terms of the muon lifetime τµ as computed
in the 4-fermion V −A Fermi theory supplemented by QED interactions. We extract Gµ
from τµ via
1
τµ
=
G2µm
5
µ
192pi3
F (
m2e
m2µ
)(1 + ∆q)(1 +
3m2µ
5M2W
) , (9.25)
where F (ρ) = 1−8ρ+8ρ3−ρ4−12ρ2 ln ρ = 0.9981295 (for ρ = m2e/m2µ) is the phase space
factor and ∆q = ∆q(1)+∆q(2) = (−4.234+0.036)×10−3 are the QED corrections computed
at one [341] and two loops [342]. From the measurement τµ = (2196980.3 ± 2.2) ps [339]
we find Gµ = 1.1663781(6) 10
−5/GeV2. This is 1σ lower than the value quoted in [339]
because we do not follow the convention of including in the definition of Gµ itself the last
term of (9.25), which is the contribution from dimension-8 SM operators.
The computation of ∆r0 requires the subtraction of the QED corrections by matching
the result in the SM with that in the Fermi theory. However, it is well known that the
Fermi theory is renormalizable to all order in the electromagnetic interaction but to lowest
order in Gµ due to a Ward identity that becomes manifest if the 4-fermion interaction is
rewritten via a Fierz transformation in the “charge retention order”. As a consequence, in
the limit of neglecting the fermion masses, ∆r0 as computed in the Fermi theory vanishes
and we are just left with the calculation in the SM.5
Starting from equation (9.6) we write ∆r0 as a sum of different terms:
∆r0 = VW − AWW
M2W,0
+ 2 v20 BW + E +M , (9.26)
where MW,0 is the bare W mass; AWW = AWW (0) is the W self-energy at zero momentum;
VW is the vertex contribution; BW is the box contribution; E is the term due to the
5 We explicitly verified that ∆r0 vanishes when computed in the Fermi theory.
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renormalization of the external legs; M is the mixed contribution due to product of
different objects among VW , AWW , BW and E (see below for an explicit expression at
two-loops). All quantities in (9.26) are computed at zero external momenta. We point
out that in the right-hand side of (9.26) no tadpole contribution is included because of
our choice of identifying the renormalized vacuum with the minimum of the radiatively
corrected potential. As a consequence ∆r0 is a gauge-dependent quantity.
From eq. (9.26) the one-loop term is given by
∆r(1)0 = V(1)W −
A(1)WW
M2W
+
√
2
Gµ
B(1)W + E (1) , (9.27)
where we have used that M(1) = 0, while at two-loops
∆r(2)0 = V(2)W −
A(2)WW
M2W
+
√
2
B(2)W
Gµ
+ E (2) +M(2) +
−δ(1)M2W
A(1)WW
M4W
+
√
2
Gµ
B(1)W
(
V(1)W −
A(1)WW
M2W
+
√
2
B(1)W
Gµ
+ E (1)
)
. (9.28)
Here
δ(1)M2W = Re ΠWW (M
2
W ) (9.29)
with ΠWW (M
2
W ) the W boson self-energy evaluated at external momentum equal to MW ,
and
M(2) =
√
2
Gµ
E (1) B(1)W +
∑
i<j
E (1)i E (1)j + E (1)V(1) −
(E (1) + V(1)) A(1)WW
M2W
. (9.30)
The indices i, j in (9.30) label the different species in the muon decay: µ, e, νµ and νe
with the sum that runs over i < j because the terms with i = j are included in E (2).
We recall that ∆r0 is an infrared (IR) safe quantity but not ultraviolet finite. However,
the E and BW terms in (9.27) and (9.28) contain IR-divergent contributions from photon
diagrams. To separate the UV-divergent terms from the IR ones we regulated the latter
giving a small mass to the photon. We then explicitly verified the cancellation of all IR
divergent contributions.
9.2.2 Higgs two-point function and tadpole
The other proper two-loop contributions to λ
(2)
EW(µ¯) are the two-loop tadpole diagrams
and the two-loop Higgs boson mass counterterm. The Higgs mass counterterm, not taking
into account negligible width effects, is given by
δM2h = Re Πhh(M
2
h) (9.31)
with Πhh(M
2
h) the Higgs self-energy evaluated at external momentum equal to Mh. The
Higgs mass counterterm as defined in eq. (9.31) is a gauge-dependent quantity. Yet, as
proved at the beginning of section 9.1, λ(µ¯) is a gauge-invariant object.
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The diagrams contributing to δ(2)λOS were generated using the Mathematica pack-
age FeynArts [343]. The reduction of the two-loop diagrams to scalar integrals was
done using the code Tarcer [344] that uses the Tarasov’s algorithm [345] and it is now
part of the FeynCalc [346] package. In order to extract the VW and BW terms in ∆r0
from the relevant diagrams we used the projector presented in ref. [347]. The two-loop
self-energy diagrams at external momenta different from zero were reduced to the set of
loop-integral basis functions introduced in ref. [348]. The evaluation of the basis functions
was done numerically using the code Tsil [349].
The two loop correction to λ is the sum of a QCD term and of an electroweak (EW)
term. The QCD correction λ
(2)
QCD(µ¯) is reported as an approximated formula in eq. (47)
of [48]. For simplicity here we present it also in a numerical form:
λ
(2)
QCD(µ¯ = Mt) =
g23
(4pi)4
[
− 23.89 + 0.12
(
Mh
GeV
− 125
)
− 0.64
(
Mt
GeV
− 173
)]
. (9.32)
The result for λ
(2)
EW(µ¯) is too long to be displayed explicitly. Here we present it in a
numerical form valid around the measured values of Mh and Mt. Using the inputs in
table 9.3 we find
λ
(2)
EW(µ¯ = Mt) =
1
(4pi)4
[
− 9.45− 0.11
(
Mh
GeV
− 125
)
− 0.21
(
Mt
GeV
− 173
)]
. (9.33)
This numerical expression is accidentally very close to the gaugeless limit of the SM
presented in eq. (2.45) of [48]. Furthermore, as a check of our result, we verified that in
the (physically irrelevant) limit Mh = 0, it agrees with an independent computation of
λ(2) performed using the known results for the two-loop effective potential in the Landau
gauge.
9.3 Two-loop correction to the Higgs mass term
The result for the mass term in the Higgs potential can be easily obtained from that on
λ(µ¯). We write
m2(µ¯) = M2h + δ
(1)m2(µ¯) + δ(2)m2(µ¯), (9.34)
with
δ(1)m2(µ¯) = − δ(1)m2OS
∣∣
fin
, (9.35)
δ(2)m2(µ¯) = − δ(2)m2OS
∣∣
fin
+ ∆m2 . (9.36)
The one-loop contribution δ(1)m2(µ¯) is given by the finite part of eq. (9.12). The two-loop
corrections δ(2)m2(µ¯) can be divided into a QCD contribution plus an EW contribution.
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The QCD contribution, δ
(2)
QCDm
2(µ¯), can be obtained evaluating the relevant diagrams
via a Taylor series in xht ≡M2h/M2t up to fourth order
δ
(2)
QCDm
2(µ¯) =
GµM
4
t√
2(4pi)4
NcCFg
2
3
[
− 96 + (41− 12 ln2 M
2
t
µ¯2
+ 12 ln2
M2t
µ¯2
)xht +
+
122
135
x2ht +
1223
3150
x3ht +
43123
661500
x4ht
]
, (9.37)
where Nc and CF are colour factors (Nc = 3, CF = 4/3), such that it is numerically
approximated as
δ
(2)
QCDm
2(µ¯ = Mt) =
g23M
2
h
(4pi)4
[
−140.50+2.89
(
Mh
GeV
− 125
)
−3.71
(
Mt
GeV
− 173
)]
. (9.38)
The two-loop EW part, δ
(2)
EWm
2(µ¯), can be obtained as a byproduct of the calculation
of λ
(2)
EW(µ¯). Also in this case the result is too long to be displayed and we present an
interpolating formula. Using the inputs in table 9.3 we find
δ
(2)
EWm
2(µ¯ = Mt) =
M2h
(4pi)4
[
−149.47 + 2.53
(
Mh
GeV
− 125
)
−4.69
(
Mt
GeV
− 173
)]
. (9.39)
9.4 Two loop correction to the top Yukawa coupling
The ms top Yukawa coupling is given by
yt(µ¯) = 2
(
Gµ√
2
M2t
)1/2
+ y
(1)
t (µ¯) + y
(2)
t (µ¯), (9.40)
with
y
(1)
t (µ¯) = − δ(1)ytOS
∣∣
fin
, (9.41)
y
(2)
t (µ¯) = − δ(2)ytOS
∣∣
fin
+ ∆yt . (9.42)
According to (9.16), (9.17) the corrections to the tree-level value of yt are given in terms
of ∆r0 and the top mass counterterm. Regarding the latter, a general discussion on the
mass counterterm for unstable fermions in parity-nonconserving theories is presented in
ref. [350]. Writing the fermion self-energy as
Σ(p) = Σ1(p) + Σ2(p)γ5, (9.43)
Σ1,2(p) = /pB1,2(p
2) +m0A1,2(p
2), (9.44)
the fermion propagator is given by
iS(p) =
i
/p−m0 − Σ(p) =
i
/p−m0 − Σeff(p)
[
1− Σ2(p)
/p− Σ1(p) +m0[1 + 2A1(p2)]γ5
]
, (9.45)
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where m0 is the bare fermion mass and
Σeff(p) = Σ1(p) +
Σ2(p) [Σ2(p)− 2m0A2(p2)]
/p− Σ1(p) +m0[1 + 2A1(p2)] . (9.46)
Identifying the position /p = M˜ of the complex pole in eq. (9.45) by
M˜ = m0 + Σeff(M˜) (9.47)
and parametrizing M˜ = M − iΓ/2 with M the pole mass of the unstable fermion and Γ
its width, the mass counterterm for the unstable fermion is found to be
δM = Re Σeff(M˜) . (9.48)
Specializing the above discussion to the top we find, including up to two-loop contribu-
tions,
δMt = Re
[
Σ1(M˜t) +
Σ2(Mt) [Σ2(Mt)− 2MtA2(M2t )]
2Mt
]
, (9.49)
with M˜t = Mt − iΓt/2. The mass counterterm defined in eq. (9.49) is expressed in
terms of the self-energy diagrams only, without including the tadpole contribution. While
this definition follows from our choice of identifying the renormalized vacuum with the
minimum of the radiatively corrected potential, it gives rise to a δMt that is gauge-
dependent and, as a consequence, in this framework, the ms top mass, Mt(µ¯), is a gauge-
dependent quantity. However, a ms mass is not a physical quantity nor a Lagrangian
parameter and therefore the requirement of gauge-invariance is not mandatory. A gauge-
invariant definition of Mt(µ¯) can be obtained by including the tadpole contribution in the
mass counterterm [323]. However, with this choice the relation between the pole and ms
masses of top quark acquires a very large electroweak correction [351]. The top Yukawa
coupling computed in this paper is a parameter of the Lagrangian, and thereby does not
suffer of these problems.
Concerning the two-loop contributions in eq. (9.40), we have computed the QCD
corrections to the one-loop term and the two-loop EW contribution.
These contributions are too long to be displayed explicitly, and we report them as
interpolating formulæ. Using the inputs in table 9.3 we find
y
(2)
t (µ¯ = Mt) =
1
(4pi)4
[
5.22− 0.01
(
Mh
GeV
− 125
)
+ 0.15
(
Mt
GeV
− 173
)]
+
+
g23
(4pi)4
[
− 7.53 + 0.09
(
Mh
GeV
− 125
)
− 0.23
(
Mt
GeV
− 173
)]
+
+
g43
(4pi)4
[
− 145.08− 0.84
(
Mt
GeV
− 173
)]
, (9.50)
where the last term is the well known pure QCD contribution; the second term is the mixed
QCD/EW contribution that agrees with [278]; the first term is the pure EW contribution
computed in this paper for the first time.
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9.5 Two-loop correction to the weak gauge couplings
The g2 and gY gauge couplings are given by
g2(µ¯) = 2(
√
2Gµ)
1/2MW + g
(1)
2 (µ¯) + g
(2)
2 (µ¯),
gY (µ¯) = 2(
√
2Gµ)
1/2
√
M2Z −M2W + g(1)Y (µ¯) + g(2)Y (µ¯), (9.51)
with
g
(1)
2 (µ¯) = − δ(1)g2OS
∣∣
fin
, g
(2)
2 (µ¯) = − δ(2)g2OS
∣∣
fin
+ ∆g2 ,
g
(1)
Y (µ¯) = − δ(1)gY OS
∣∣
fin
, g
(2)
Y (µ¯) = − δ(2)gYOS
∣∣
fin
+ ∆gy . (9.52)
The one-loop contributions in (9.52) are given by the finite parts of (9.18)–(9.20). Also
in this case the results of the two-loop corrections are too long to be displayed and we
present them with interpolating formulas. Using the inputs in table 9.3 we find
g
(2)
2 (µ¯ = Mt) =
1
(4pi)4
[
5.83 + 0.01
(
Mh
GeV
− 125
)
+ 0.01
(
Mt
GeV
− 173
)]
+
+
g23
(4pi)4
[
7.98 + 0.01
(
Mt
GeV
− 173
)]
. (9.53)
and
g
(2)
Y (µ¯ = Mt) =
1
(4pi)4
[
− 12.58− 0.01
(
Mh
GeV
− 125
)
− 0.11
(
Mt
GeV
− 173
)]
+
+
g23
(4pi)4
[
− 23.12− 0.14
(
Mt
GeV
− 173
)]
(9.54)
9.6 SM couplings at the electroweak scale
In this section we give practical results for the SM parameters θ = {λ,m2, yt, g2, gY }
computed in terms of the observables Mh,Mt,MW ,MZ , Gµ and α3(MZ), whose measured
values are listed in table 9.3. Each ms parameter θ is expanded in loops as
θ = θ(0) + θ(1) + θ(2) + · · · (9.55)
where
1. the tree-level values θ(0) are listed in table 9.2;
2. the one-loop corrections θ(1) are analytically given in appendix D;
3. the two-loop corrections θ(2) are computed in section 9.1.
After combining these corrections, we give in the following the numerical values for the
SM parameters renormalized at the top pole mass Mt in the ms scheme. Table 9.4 reports
their central values extrapolated at the renormalization scale µ¯ = Mt.
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µ¯ = Mt λ yt g2 gY mh/GeV
LO 0.13023 0.99425 0.65294 0.34972 125.66
NLO 0.12879 0.94953 0.64755 0.35937 132.80
NNLO 0.12711 0.93849 0.64822 0.35761 132.03
Table 9.4. Values of the fundamental SM parameters computed at tree level, one loop, two
loops in the ms scheme and renormalized at µ¯ = Mt for the central values of the measurements
listed in table 9.3.
9.6.1 The Higgs quartic coupling
For the Higgs quartic coupling, defined by writing the SM potential as in (2.6), we find
λ(µ¯ = Mt) = 0.12711+0.00206
(
Mh
GeV
− 125.66
)
−0.00004
(
Mt
GeV
− 173.10
)
±0.00030th .
(9.56)
The dependence on Mt is small because λ is renormalized at Mt itself. Here and below the
theoretical uncertainty is estimated from the dependence on µ¯ (varied around Mt by one
order of magnitude) of the higher-order unknown 3 loop corrections. Such dependence is
extracted from the known SM RGE at 3 loops (as summarized in appendix E).
9.6.2 The Higgs mass term
For the mass term of the Higgs doublet in the SM Lagrangian (normalized such that
mh = Mh at tree level) we find
mh(µ¯ = Mt)
GeV
= 132.03+0.94
(
Mh
GeV
− 125.66
)
+0.17
(
Mt
GeV
− 173.10
)
±0.15th. (9.57)
9.6.3 The top Yukawa coupling
For the top Yukawa coupling we get
yt(µ¯ = Mt) = 0.93697+0.00550
(
Mt
GeV
− 173.10
)
−0.00042 α3(MZ)− 0.1184
0.0007
±0.00050th .
(9.58)
The central value differs from the NNLO value in table 9.4 because we include here also
the NNNLO (3 loop) pure QCD effect [320–322]. The theoretical uncertainty is estimated
accordingly, and does not take into account the non-perturbative theoretical uncertainty
of order ΛQCD in the definition of Mt.
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9.6.4 The weak gauge couplings
For the weak gauge couplings g2 and gY computed at NNLO accuracy in terms of MW
and MZ we find
g2(µ¯ = Mt) = 0.64822 + 0.00004
(
Mt
GeV
− 173.10
)
+ 0.00011
MW − 80.384 GeV
0.014 GeV
, (9.59)
gY (µ¯ = Mt) = 0.35761 + 0.00011
(
Mt
GeV
− 173.10
)
− 0.00021MW − 80.384 GeV
0.014 GeV
, (9.60)
where the adopted value for MW and its experimental error are reported in table 9.3.
9.6.5 The strong gauge coupling
Table 9.3 contains the value of α3(MZ), as extracted from the global fit of [340] in the
effective SM with 5 flavours. Including RG running from MZ to Mt at 4 loops in QCD
and at 2 loops in the electroweak gauge interactions, and 3 loop QCD matching at Mt to
the full SM with 6 flavours, we get
g3(µ¯ = Mt) = 1.1666 + 0.00314
α3(MZ)− 0.1184
0.0007
− 0.00046
(
Mt
GeV
− 173.10
)
. (9.61)
The SM parameters can be renormalized to any other desired energy by solving the
SM renormalization group equations summarized in appendix E. For completeness, we
include in the one- and two-loop RG equations the contributions of the small bottom and
tau Yukawa couplings, as computed from the ms b-quark mass, mb(mb) = 4.2 GeV, and
from Mτ = 1.777 GeV. Within the ms scheme β functions are gauge-independent [325];
similarly the ms parameters are gauge independent too.
10 Stability of the electroweak vac-
uum
A very puzzling and intriguing outcome of the Higgs discovery has been the finding that
Mh lies very close to the boundary between stability and metastability regions. Near-
criticality of the SM vacuum may be the most important message we have learnt so far
from experimental data on the Higgs boson, if no new physics is found at the Fermi scale.
In that case, near-criticality gives us a unique opportunity to obtain information about
physics taking place at energy scales well beyond the reach of any collider experiment.
This fact is the main motivation for a refined NNLO calculation of the SM Higgs
potential at large field values and of the critical value of the Higgs mass Mh required for
absolute vacuum stability. Indeed, the special Higgs mass found by ATLAS and CMS
is so close to criticality that any statement about stability or metastability of the EW
vacuum requires a careful analysis of theoretical and experimental errors.
First, in section 10.1, we extrapolate the SM couplings up to the Planck scale using
the results of the previous chapter. We then analyze in section 10.2 the phase diagram of
the EW vacuum in terms of different SM parameters, both as evaluated at the weak scale
and at the Planck scale, showing that in many cases the various masses and couplings lie
very close to the boundary between stability and instability.
The discovered proximity to criticality also naturally stimulates many theoretical spec-
ulations on its possible hidden significance or on special matching conditions at very high
energy scales. In the last part of the chapter we will explore different possible implica-
tions of our improved computation of the Higgs quartic coupling extrapolated to very
high scales.
10.1 Extrapolation of the SM up to the Planck scale
10.1.1 SM couplings at the Planck scale
The first issue we want to address concerns the size of the SM coupling constants. When
we try to extract information from the values of the coupling constants, it is reasonable to
analyse their values not at the weak scale, but at some high-energy scale where we believe
the SM matches onto some extended theory. So, using our NNLO results, we extrapolate
the SM couplings from their weak-scale values (as determined in section 9.6) to higher
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Figure 10.1. Renormalization of the SM gauge couplings g1 =
√
5/3gY , g2, g3, of the top,
bottom and τ couplings (yt, yb, yτ ), of the Higgs quartic coupling λ and of the Higgs mass
parameter m. All parameters are defined in the ms scheme. We include two-loop thresholds at
the weak scale and three-loop RG equations. The thickness indicates the ±1σ uncertainties in
Mt,Mh, α3.
energies.
The evolution of the SM couplings up to a large cut-off scale is shown in figure 10.1.
At the Planck mass, we find the following values of the SM parameters:
g1(MPl) = 0.6133 + 0.0003
(
Mt
GeV
− 173.10
)
− 0.0006MW − 80.384 GeV
0.014 GeV
(10.1)
g2(MPl) = 0.5057 (10.2)
g3(MPl) = 0.4873 + 0.0002
α3(MZ)− 0.1184
0.0007
(10.3)
yt(MPl) = 0.3813 + 0.0051
(
Mt
GeV
− 173.10
)
− 0.0021 α3(MZ)− 0.1184
0.0007
(10.4)
λ(MPl) = −0.0113− 0.0065
(
Mt
GeV
− 173.10
)
+ (10.5)
+ 0.0018
α3(MZ)− 0.1184
0.0007
+ 0.0029
(
Mh
GeV
− 125.66
)
m(MPl) = 140.3 GeV + 1.6 GeV
(
Mh
GeV
− 125.66
)
+ (10.6)
− 0.25 GeV
(
Mt
GeV
− 173.10
)
+ 0.05 GeV
α3(MZ)− 0.1184
0.0007
All Yukawa couplings, other than the one of the top quark, are very small. This is the
well-known flavour problem of the SM, which we discussed in chapter 3.
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Figure 10.2. RG evolution of λ (left) and of βλ (right) varying Mt (grey), α3(MZ) (red) and
Mh (blue) by ±3σ. The grey shadings cover values of the RG scale above the Planck mass
MPl ≈ 1.2× 1019 GeV, and above the reduced Planck mass MPl = MPl/
√
8pi.
The three gauge couplings and the top Yukawa coupling remain perturbative and are
fairly weak at high energy, becoming roughly equal in the vicinity of the Planck mass.
The near equality of the gauge couplings may be viewed as an indicator of an underlying
grand unification even within the simple SM, once we allow for threshold corrections of
the order of 10% around a scale of about 1016 GeV (of course disregarding the acute
naturalness problem, as we are doing throughout this chapter). It is amusing to note
that the ordering of the coupling constants at low energy is completely overturned at high
energy. The (properly normalized) hypercharge coupling g1 becomes the largest coupling
in the SM already at scales of about 1014 GeV, and the weak coupling g2 overcomes the
strong coupling at about 1016 GeV. The top Yukawa becomes smaller than any of the
gauge couplings at scales larger than about 1010 GeV.
The Higgs quartic coupling remains weak in the entire energy domain below MPl. It
decreases with energy crossing λ = 0 at a scale of about 1010 GeV, see the left panel of
figure 10.2. Indeed, λ is the only SM coupling that is allowed to change sign during the
RG evolution because it is not multiplicatively renormalized. For all other SM couplings,
the β functions are proportional to their respective couplings and crossing zero is not
possible. This corresponds to the fact that λ = 0 is not a point of enhanced symmetry.
In the left panel of figure 10.3 we compare the size of λ with the top Yukawa coupling
yt and the gauge coupling g2, choosing a normalization such that each coupling is equal
to the corresponding particle mass, up to the same proportionality constant. In other
words, we are plotting the ratios
sign(λ)×√4|λ|/yt and sign(λ)×√8|λ|/g2 , (10.7)
equal to the ratios of running masses mh/mt and mh/mW , respectively. Except for the
region in which λ vanishes, the Higgs quartic coupling looks fairly “normal” with respect
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Figure 10.3. Same as figure 10.2, with more “physical” normalizations. Left: the Higgs
quartic coupling is compared with the top Yukawa and weak gauge coupling through the ratios
sign(λ)
√
4|λ|/yt and sign(λ)
√
8|λ|/g2, which correspond to the ratios of running masses mh/mt
and mh/mW , respectively. Right: the Higgs quartic β-function is shown in units of its top-quark
contribution, βtopλ = −3y4t /8pi2.
to the other SM couplings. Nonetheless, the RG effect reduces significantly the overall
size of λ in its evolution from low to high energy. Although the central values of Higgs
and top masses do not favour a scenario with vanishing Higgs self coupling at the Planck
scale MPl – a possibility originally proposed in ref. [352,353] and discussed more recently
in ref. [354–357,48] – the smallness of λ around MPl offers reasons for speculation, as we
will discuss later.
Another important feature of the RG evolution of λ is the slowing down of the running
at high energy. As shown in the right panel of figure 10.2, the corresponding Higgs quartic
β-function vanishes at a scale of about 1017–1018 GeV. In order to quantify the degree
of cancellation in the β-function, we plot in figure 10.3 (right) βλ in units of its pure
top contribution. The vanishing of βλ looks more like an accidental cancellation between
various large contributions, rather than an asymptotic approach to zero. Given that the
β-functions of the other SM couplings are all different than zero, it is not evident to find
valid symmetry or dynamical reasons for the vanishing of βλ alone near MPl. However,
the smallness of βλ (and λ) at high energy implies that tiny variations of the input values
of the couplings at MPl lead to wide fluctuations of the instability scale, thus justifying
our refined calculation.
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10.2 The SM phase diagram
10.2.1 Derivation of the stability bound
In order to compute the stability bound on the Higgs mass one has to study the full
effective potential and identify the critical Higgs field above which the potential becomes
smaller than the value at the EW vacuum. We will refer to such critical energy as the
instability scale ΛI .
A first estimate of the instability scale can be obtained by approximating the effective
potential with its RG-improved tree level expression
V treeeff (h) ≈
λ(µ¯ = h)
4
h4. (10.8)
In this approximation the stability condition simply corresponds to the requirement that
λ(Λ) ≥ 0 for every Λ < MPl. This analysis shows that the instability scale, corresponding
approximately to the scale at which the running quartic coupling turns negative, occurs
at energies much bigger than the EW scale. Thus, for our purposes, the approximation
of neglecting v with respect to the value of the field h is amply justified. Under this
assumption, as pointed out in [264], one can always define an effective coupling λeff such
that the full effective potential in the relevant region h v becomes
Veff(h) = λeff(h)
h4
4
. (10.9)
The effective quartic coupling takes the form
λeff(h) = e
4Γ(h)
[
λ(µ¯ = h) + λ
(1)
eff (µ¯ = h) + λ
(2)
eff (µ¯ = h)
]
, (10.10)
where
Γ(h) =
∫ h
Mt
γ(µ¯) d log(µ¯), (10.11)
γ(µ¯) is the Higgs anomalous dimension, and the quantities λ
(1)
eff , λ
(2)
eff can be extracted from
the effective potential at two loops [358] and are explicitly given in appendix F.
Notice that the stability bound is scheme and gauge independent. While intermedi-
ate steps of the computation (threshold corrections, higher-order RG equations, and the
effective potential) are scheme-dependent, the values of the effective potential at its local
minima are scheme-independent physical observables, and thus the stability condition has
the same property.
We find that the instability scale, defined as the scale at which λeff vanishes, is
log10
ΛI
GeV
= 11.3 + 1.0
(
Mh
GeV
− 125.66
)
− 1.2
(
Mt
GeV
− 173.10
)
+ 0.4
α3(MZ)− 0.1184
0.0007
.
(10.12)
The scale Λ0 at which the ms running coupling λ vanishes is a scheme-dependent quantity
and is slightly smaller than the scale ΛI . We find Λ0 ≈ 0.15ΛI , with the same dependence
on the SM parameters as in eq. (10.12).
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Figure 10.4. Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and
non-perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-
perturbative for Mt > 230 GeV. The dotted contour-lines show the instability scale ΛI in
GeV assuming α3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental
range of Mh and Mt (the grey areas denote the allowed region at 1, 2, and 3σ). The three
boundary lines correspond to 1σ variations of α3(MZ) = 0.1184±0.0007, and the grading of the
colours indicates the size of the theoretical error.
10.2.2 The SM phase diagram in terms of Higgs and top masses
The two most important parameters that determine the various EW phases of the SM
are the Higgs and top-quark masses. In figure 10.4 we update the phase diagram given
in ref. [48] with our improved calculation of the evolution of the Higgs quartic coupling.
The regions of stability, metastability, and instability of the EW vacuum are shown both
for a broad range of Mh and Mt, and after zooming into the region corresponding to the
measured values. The uncertainty from α3 and from theoretical errors are indicated by
the dashed lines and the colour shading along the borders. Also shown are contour lines
of the instability scale ΛI .
As previously noticed in ref. [48], the measured values of Mh and Mt appear to be
rather special, in the sense that they place the SM vacuum in a near-critical condition,
at the border between stability and metastability. In the neighbourhood of the measured
values of Mh and Mt, the stability condition is well approximated by
Mh > 129.1 GeV+2.0(Mt−173.10 GeV)−0.5 GeV α3(MZ)− 0.1184
0.0007
±0.3 GeV . (10.13)
The quoted uncertainty comes only from higher order perturbative corrections. Other non-
perturbative uncertainties associated with the relation between the measured value of the
top mass and the actual definition of the top pole mass used here (presumably of the order
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of ΛQCD) are buried inside the parameter Mt in eq. (10.13). For this reason we include
a theoretical error in the top pole mass and take Mt = (173.10 ± 0.59exp ± 0.3th) GeV.
Combining in quadrature theoretical uncertainties with experimental errors, we find for
the stability condition
Mh > (129.1± 1.5) GeV (10.14)
From this result we conclude that vacuum stability of the SM up to the Planck scale
is excluded at 2.2σ (98.6% C.L. one-sided). Since the main source of uncertainty in
eq. (10.13) comes from Mt, any refinement in the measurement of the top mass is of great
importance for the question of EW vacuum stability.
Since the experimental error on the Higgs mass is already fairly small and will be
further reduced by future LHC analyses, it is becoming more appropriate to express the
stability condition in terms of the pole top mass. We can express the stability condition
of eq. (10.13) as
Mt < (171.53± 0.15± 0.23α3 ± 0.15Mh) GeV = (171.53± 0.42) GeV. (10.15)
In the latter equation we combined in quadrature the theoretical uncertainty with the
experimental uncertainties on Mh and α3.
10.2.3 The SM phase diagram in terms of Planck-scale couplings
The discovery of the SM near-criticality has led to many theoretical speculations [359,48,
272–294,356,357]. In order to address such speculations and to investigate if the measured
value of Mh is really special in the SM, it is more appropriate to study the phase diagram
in terms of the Higgs quartic and the top Yukawa coupling evaluated at some high-energy
scale, rather than at the weak scale. This is because of our theoretical bias that the SM
is eventually embedded into a new framework at short distances, possibly as short as the
Planck length. Therefore, it is more likely that information about the underlying theory
is directly encoded in the high-energy coupling constants. For this reason in figure 10.5
we recast the phase diagram of figure 10.4 in terms of λ(MPl) and yt(MPl). The diagram
is shown in a broad range of couplings allowed by perturbativity, and also after zooming
into the interesting region. The new area denoted as ‘no EW vacuum’ corresponds to a
situation in which λ is negative at the weak scale, and therefore the usual Higgs vacuum
does not exist. In the region denoted as ‘Planck-scale dominated’ the instability scale ΛI
is larger than 1018 GeV. In this situation we expect that both the Higgs potential and the
tunnelling rate receive large gravitational corrections and any assessment about vacuum
stability becomes unreliable.
From figure 10.5 we can infer more than just criticality of the Higgs quartic coupling.
Indeed, this figure shows that the measured values of the Higgs and top masses lie in
the region corresponding not only to the lowest possible values of λ(MPl) allowed by
(meta)stability, but also to the smallest possible value of yt(MPl), once λ(MPl) has been
selected.
Indeed, for small Higgs quartic (λ(MPl) < 0.02), there is a non-vanishing minimum
value of yt(MPl) required to avoid instability. This special feature is related to the ap-
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Figure 10.5. Left: SM phase diagram in terms of quartic Higgs coupling λ and top Yukawa
coupling yt renormalized at the Planck scale. The region where the instability scale ΛI is larger
than 1018 GeV is indicated as ‘Planck-scale dominated’. Right: Zoom around the experimentally
measured values of the couplings, which correspond to the thin ellipse roughly at the centre of
the panel. The dotted lines show contours of ΛI in GeV.
proximate vanishing of βλ around the Planck mass. Indeed, for fixed λ(MPl), the top
Yukawa coupling has the effect to stabilize the potential, as we evolve from high to low
energies. Without a sizeable contribution from yt, the gauge couplings tend to push λ to-
wards more smaller (and eventually negative) values, leading to an instability. Therefore,
whenever λ(MPl) is small or negative, a non-zero yt(MPl) is necessary to compensate the
destabilizing effect of gauge couplings.
It is a remarkable coincidence that the measured values of the Higgs and top masses
correspond rather precisely to the simultaneous minima of both λ(MPl) and yt(MPl). In
other words, it is curious that not only do we live in the narrow vertical yellow stripe
of figure 10.5 – the minimum of λ(MPl) – but also near the bottom of the funnel – the
minimum of yt(MPl). Near-criticality holds for both the Higgs quartic and the top Yukawa
coupling.
From the left panel of figure 10.5 it is evident that, even when we consider the situ-
ation in terms of high-energy couplings, our universe appears to live under very special
conditions. The interesting theoretical question is to understand if the apparent pecu-
liarity of λ(MPl) and yt(MPl) carry any important information about phenomena well
beyond the reach of any collider experiment. Of course this result could be just an acci-
dental coincidence, because in reality the SM potential is significantly modified by new
physics at low or intermediate scales. Indeed, the Higgs naturalness problem corroborates
this possibility. However, both the reputed violation of naturalness in the cosmological
constant and the present lack of new physics at the LHC cast doubts on the validity of
the naturalness criterion for the Higgs boson. Of course, even without a natural EW
10.2. The SM phase diagram 157
sector, there are good reasons to believe in the existence of new degrees of freedom at
intermediate energies. Neutrino masses, dark matter, axion, inflation, baryon asymme-
try provide good motivations for the existence of new dynamics below the Planck mass.
However, for each of these problems we can imagine solutions that either involve physics
well above the instability scale or do not significantly modify the shape of the Higgs po-
tential. As a typical example, take the see-saw mechanism. As shown in ref. [273], for
neutrino masses smaller than 0.1 eV (as suggested by neutrino-oscillation data without
mass degeneracies), either neutrino Yukawa couplings are too small to modify the running
of λ or the right-handed neutrino masses are larger than the instability scale. In other
words, a see-saw neutrino does not modify our conclusions about stability of the EW
vacuum. Couplings of weak-scale dark matter to the Higgs boson are constrained to be
small by WIMP direct searches (although dark-matter particles with weak interactions
would modify the running of the weak gauge couplings, making the Higgs potential more
stable).
Thus, it is not inconceivable that the special values of λ(MPl) and yt(MPl) carry a
significance and it is worth to investigate their consequences.
Finally, we notice that extrapolating SM parameters above the Planck scale ignoring
gravity (this is a questionable assumption) the hypercharge couplings hits a Landau pole
at about 1042 GeV. Demanding perturbativity up to such scale (rather than up to the
Planck scale), the bounds on the top and Higgs masses become stronger by about 10
and 20 GeV respectively, and their measured values still lie in the region that can be
extrapolated up to such high scale.
10.2.4 The SM phase diagram in terms of gauge couplings
So far we have been studying the phase diagram in terms of Higgs and top masses or
couplings, keeping the other SM parameters fixed. This is reasonable, since the EW
vacuum is mostly influenced by the Higgs and top quark. It is however interesting to
study how a variation in the other couplings affects our results.
We start by considering the scanning of weak couplings defined at some high-energy
scale, which we identify with MPl. The impact of the gauge couplings g1 and g2 can be
understood from the leading terms of the RG equation for the Higgs quartic coupling
(4pi)2
dλ
d ln µ¯2
= −3y4t + 6y2t λ+ 12λ2 +
9
16
(
g42 +
2
5
g22g
2
1 +
3
25
g41
)
− 9
2
λ
(
g22 +
g21
5
)
+ · · · .
(10.16)
For small λ(MPl), the weak gauge couplings have the effect of reducing even further
the Higgs quartic coupling in its evolution towards lower energies, thus contributing to
destabilize the potential. For large λ(MPl), instead, they tend to make λ grow at lower
energy.
We quantify the situation by plotting in figure 10.6 the SM phase diagram in terms of
λ(MPl) and g2(MPl). In the left panel, for simplicity, we vary the hypercharge coupling
g1(MPl) by keeping fixed the ratio g1(MPl)/g2(MPl) = 1.22 as in the SM, while yt(MPl)
and g3(MPl) are held to their SM values. As in previous cases, also the phase diagram
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Figure 10.6. SM phase diagram in terms of the Higgs quartic coupling λ(MPl) and of the
gauge coupling g2(MPl). Left: A common rescaling factor is applied to the electro-weak gauge
couplings g1 and g2, while g3 is kept constant. Right: A common rescaling factor is applied
to all SM gauge couplings g1, g2, g3, such that a 10% increase in the strong gauge coupling at
the Planck scale makes ΛQCD larger than the weak scale. The measured values of the couplings
correspond to the small ellipse marked as ‘SM’.
in terms of weak gauge couplings shows the peculiar characteristic of the SM parameters
to live close to the phase boundary.1 The weak gauge couplings in the SM lie near the
maximum possible values that do not lead to a premature decay of the EW vacuum. Were
g2 and g1 50% larger than their actual values, we wouldn’t be here speculating on the
peculiarity of the Higgs mass.
Next, we discuss the impact of the strong gauge coupling constant. In the right panel
of figure 10.6 we show again the phase diagram in the plane λ(MPl), g2(MPl), this time
obtained by varying all three gauge couplings by a common rescaling factor. The top
Yukawa coupling yt(MPl) is held fixed at its SM value and so, as the other couplings scan,
the top mass does not correspond to the measured value.
The coupling g3 affects βλ only at two loops, but it has a more important role in the
RG evolution of the top Yukawa coupling, whose leading terms are given by
(4pi)2
dy2t
d ln µ¯2
= y2t
(
9
2
y2t − 8g23 −
9
4
g22 −
17
20
g21
)
+ · · · . (10.17)
When the value of g3 is reduced at fixed yt(MPl), the low-energy top Yukawa coupling
becomes smaller. This reduces the stabilizing effect of the top for a given λ(MPl) and
explains the appearance in figure 10.6 (right) at small gauge couplings of a region where
λ is negative at the weak scale and there is no EW vacuum.
1Note that the figure is zoomed around the region of the physical values, so that the proximity to the
boundary is not emphasized.
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Figure 10.7. Phase diagram of the SM in terms of the parameters of the Higgs potential
evaluated at the Planck scale. In the metastability region, there is an upper bound on m from
the requirement of a Higgs vacuum at a finite field value. The green region is simple thanks to
the fact that β(λ) = 0 at MPl. On the vertical axis we plot |m(MPl)|, in the case of negative
(above) and positive (below) Higgs quadratic term.
On the other hand, when g3 is increased, the value of ΛQCD grows rapidly. Whenever
α3(MPl) >
6pi
21 ln(MPl/Mt)
, (10.18)
which corresponds to g3(MPl) > 0.54, the value of ΛQCD becomes larger than Mt, pre-
venting a perturbative extrapolation from the Planck to the weak scale. As shown in
figure 10.6 (right), this region is reached as soon as the SM gauge couplings are increased
by only 11%. Once again, the SM gauge couplings live near the top of the range allowed
by simple extrapolations of the minimal theory.
10.2.5 The SM phase diagram in terms of Higgs potential pa-
rameters
The Higgs mass parameter mh in the Higgs potential is the origin of the well-known
naturalness problem. Here we show that the simple requirement of the existence of a
non-trivial EW vacuum sets an upper bound on mh, which is completely independent of
any naturalness argument.
Let us start by considering the tree-level Higgs potential in eq. (2.6). For m2h > 0 and
λ > 0, the potential has the usual non-trivial vacuum at 〈h〉 = v = mh/
√
2λ. However,
since v is proportional to mh and λ is negative above the instability scale ΛI , the Higgs
vacuum at finite field value no longer exists when m2h is too large. The upper bound on
m2h can be estimated by considering the minimisation condition of the potential, including
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only the logarithmic running of λ, but neglecting the evolution of mh (which is a good
approximation, as shown in figure 10.1):[
2λ(v) +
βλ(v)
2
]
v2 = m2h. (10.19)
For values of v in the neighbourhood of ΛI , we can approximate
2 λ(v) ≈ βλ(ΛI) ln v/ΛI
and βλ(v) ≈ βλ(ΛI). Then we see that eq. (10.19) has a solution only if
m2h < −βλ(ΛI) e−3/2Λ2I . (10.20)
Note that βλ(ΛI) is negative in the SM.
Figure 10.7 shows the SM phase diagram in terms of the parameters λ(MPl) and
mh(MPl). The sign of each one of these parameters corresponds to different phases of the
theory, such that λ(MPl) = mh(MPl) = 0 is a tri-critical point.
The region denoted by ‘〈h〉 ≈ MPl’ corresponds to the case in which eq. (10.20) is
not satisfied and there is no SM-like vacuum, while the Higgs field slides to large values.
In the region of practical interest, the upper limit on mh is rather far from its actual
physical value mh = Mh, although it is much stronger than MPl, the ultimate ultraviolet
cutoff of the SM. A much more stringent bound on mh can be derived from anthropic
considerations [360] and the corresponding band in parameter space is shown in figure 10.7.
10.3 Lifetime of the SM vacuum
The measured values of Mh and Mt indicate that the SM Higgs vacuum is not the true
vacuum of the theory and that our universe is potentially unstable. The rate of quantum
tunnelling out of the EW vacuum is given by the probability d℘/dV dt of nucleating a
bubble of true vacuum within a space volume dV and time interval dt [361–363]
d℘ = dt dV Λ4B e
−S(ΛB) , (10.21)
where S(ΛB) is the action of the bounce of size R = Λ
−1
B , given by
S(ΛB) =
8pi2
3|λ(ΛB)| . (10.22)
At the classical level, the Higgs theory with only quartic coupling is scale-invariant
and the size of the bounce Λ−1B is arbitrary. The RG flow breaks scale invariance and the
tree level action gets replaced by the one-loop action, as calculated in ref. [269]. Then,
ΛB is determined as the scale at which Λ
4
Be
−S(ΛB) is maximized. In practice this roughly
amounts to minimizing λ(ΛB), which corresponds to the condition βλ(ΛB) = 0. As long as
ΛB MPl, gravitational effects are irrelevant, since corrections to the action in minimal
2In this analysis, we can safely neglect the non-logarithmic corrections to the effective potential and
so we do not distinguish between λ and λeff .
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Figure 10.8. Left: The probability that electroweak vacuum decay happened in our past
light-cone, taking into account the expansion of the universe. Right: The life-time of the elec-
troweak vacuum, with two different assumptions for future cosmology: universes dominated by
the cosmological constant (ΛCDM) or by dark matter (CDM).
Einstein gravity are given by δSG = 256pi
3Λ2B/45|λ|M2Pl [355]. The effect of gravitational
corrections is to slow down the tunnelling rate [364]. Whenever ΛB > MPl, one can only
obtain a lower bound on the tunnelling probability by setting λ(ΛB) = λ(MPl). For the
physical values of Mh and Mt, our results are fairly insensitive to Planckian dynamics.
The total probability ℘ for vacuum decay to have occurred during the history of the
universe can be computed by integrating eq. (10.21) over the space-time volume of our
past light-cone,∫
dt dV =
∫ t0
0
dt
∫
|x|<a(η0−η)
d3x =
4pi
3
∫ η0
0
dη a4(η0 − η)3 ≈ 0.15
H40
. (10.23)
Here a is the scale factor, η is conformal time (dη/dt = 1/a), η0 ≈ 3.4/H0 is the present
conformal time and H0 ≈ 67.4 km/sec Mpc is the present Hubble rate. Equation (10.23)
roughly amounts to saying that the ‘radius’ of the universe is given by cTU , where TU ≈
0.96/H0 is the present age. The present value of the vacuum-decay probability ℘ is
℘0 = 0.15
Λ4B
H40
e−S(ΛB) , (10.24)
and is dominated by late times: this makes our result more robust, since it is independent
of the early cosmological history. In the left panel of figure 10.8 we plot, as a function of
the top mass, the probability ℘0 that the EW vacuum had decayed during the past history
of the universe. We find that the probability is spectacularly small, as a consequence of
the proximity of the SM parameters to the boundary with the region of absolute stability.
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The lifetime of the present EW vacuum τEW depends on the future cosmological his-
tory. If dark energy shuts off and the future universe is matter dominated, the space-time
volume of the past light-cone at time t0 is given by∫
dt dV =
4pi
3
∫ η0
0
dη a4(η0 − η)3 = 16pi
1485H40
. (10.25)
Here H0 is the Hubble parameter at time t0, and we have performed the integral using
the relations a1/2 = H0η/2 = (3H0t/2)
1/3 and t0 = 2/(3H0), valid in a matter-dominated
flat universe. The lifetime τEW is given by the time at which ℘ = 1. In the case of matter
domination,
τCDMEW =
(
55
3pi
)1/4
eS(ΛB)/4
ΛB
≈ TU
℘
1/4
0
(10.26)
where ℘0 is given in eq. (10.24) and shown in figure 10.8 left.
If instead the universe keeps being accelerated by the cosmological constant, entering
into a de Sitter phase with Hubble constant H = H0
√
ΩΛ, at a time t0 in the far future
the volume of the past light-cone will be∫
dt dV =
4pi
3
∫ η0
0
dη a4(η0 − η)3 = 4pi
3H4
[
Ht0 − 11
6
+ O(e−Ht0)
]
. (10.27)
Here we have used the relations a = (1−Hη)−1 = eHt, valid in a vacuum-energy dominated
universe. The lifetime for the case of vacuum energy domination is equal to
τΛCDMEW =
3H3eS(ΛB)
4piΛ4B
≈ 0.02 TU
℘0
(10.28)
The lifetime of the present EW vacuum is plotted in figure 10.8 in both cases of
matter or vacuum-energy domination. As shown, the SM vacuum is likely to survive for
times that are enormously longer than any significant astrophysical age (e.g. the sun will
exhaust its fuel in about five billion years).
10.4 Interpretations of the high-energy SM couplings
In this last section we attempt some possible explanation for the special values of the
measured SM parameters. The first possible interpretation is the result of new dynamics
occurring at some high-energy scale, the others find their most natural implementations
in a multiverse of vacua such as the one predicted by string theory.
10.4.1 Matching conditions
The special value of the Higgs quartic coupling could be the result of a matching condition
with some high-energy theory in the vicinity of MPl. There are many examples of theories
able to drive λ(MPl) to zero. An approximate Goldstone or shift symmetry at a high scale
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[365,366], for instance, can provide a vanishing potential for the Higgs forbidding any non-
derivative interaction, as explained in section 5.2. An appealing explanation comes also
from supersymmetry, where radiatively-stable flat directions provide a valid justification of
vanishing quartic couplings for scalar particles that have other kinds of interactions at zero
momentum. In this way, supersymmetry convincingly evades the problem, encountered
by Goldstone bosons, of explaining why λ ≈ 0 is compatible with sizeable gauge and
Yukawa couplings of the Higgs boson. The scheme can be automatically realized in
N = 2 supersymmetry [367,368], while a dynamical vacuum alignment with tan β ≈ 1 is
required in the case of N = 1 supersymmetry [369–374]. Further explanations proposed
in the literature include an infrared fixed-point of some transplanckian physics [357] or a
power-law running in a quasi-conformal theory.
Present data suggest that an exact zero of λ is reached at scales of about 1010 – 1012 GeV,
see eq. (10.12), well below the Planck mass. It is not difficult to imagine theories that
give λ(MPl) in agreement with eq. (10.5) as a result of a vanishing matching condition at
MPl modified by threshold corrections.
Note also that the smallness of the Higgs quartic β-function at high energy is the key
ingredient that allows for the possibility of extending the SM up to a matching scale much
larger than ΛI . If λ ran fast above ΛI , it would rapidly trigger vacuum instability and
the region of metastability would be limited to SM cut-off scales only slightly larger than
ΛI . This is another peculiarity of the measured values of Mh and Mt.
10.4.2 Statistical interpretation
Statistical properties of a multiverse in which the coupling constants fluctuate offer al-
ternatives to dynamical determinations of λ(MPl) from matching conditions with new
theories.
In order to describe this situation, we introduce a set of scalar fields Φi (i = 1, . . . , N),
each having p different vacuum configurations, which model some Planckian dynamics.
The total number of possible vacua is pN , which is huge for large N . If this multiverse of
vacua is a viable candidate to host somewhere a region where the cosmological constant is
10120 times smaller than M4Pl, as it is in our universe, then it is reasonable that p
N should
be at least 10120. So we envisage a situation in which N is at least O(102), which is not
inconceivable in a string-theory framework.
To describe the variation of the SM couplings we assume that the SM fields are coupled
to the fields Φi in the most general way,
L = −ZG(Φ)
4
FµνF
µν+ZH(Φ) |DµH|2+
(
iZψ(Φ)ψ¯D/ψ + Yab(Φ)ψ¯aHψb + h.c.
)−Λ(Φ)|H|4.
(10.29)
Here Fµν and ψ collectively denote the SM gauge and fermion fields, and H is the Higgs
doublet. The physical SM coupling constants are given by
g = Z
−1/2
G , yt = Z
−1/2
tL
YtZ
−1/2
H Z
−1/2
tR
, λ = Z−2H Λ , (10.30)
where the functions ZG,ψ,H , Y , and Λ are evaluated at a vacuum of the fields Φi. Since
the fields Φi have p
N vacua, the SM couplings effectively scan in this multiverse. The
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coupling constants in (10.30) are evaluated at the high-energy scale, here identified with
MPl, where the new dynamics is integrated out.
For simplicity, we consider the toy example proposed in ref. [375], in which each field
Φi has two vacua (p = 2) called Φ
(+)
i and Φ
(−)
i . We also assume that each of the functions
ZG,ψ,H , Y , Λ (let us call them collectively Z, to simplify notation) can be split as a sum
of the contributions of the different fields,3
Z(Φ1, . . . ,Φn) =
N∑
i=1
Zi(Φi), Z = {ZG, Zψ, ZH , Y,Λ}. (10.31)
Under this hypothesis, the 2N values of Z corresponding to the vacua of Φ can written as
Z =
N∑
i=1
(
Z
(S)
i + ηiZ
(D)
i
)
, Z
(S)
i =
Zi(Φ
(+)
i ) + Zi(Φ
(−)
i )
2
, Z
(D)
i =
Zi(Φ
(+)
i )− Zi(Φ(−)i )
2
,
(10.32)
where ηi = ±1. Each of the 2N vacua (and each of the 2N values of Z) is then labeled by
the vector η = (ηi, . . . , ηN).
The normalized probability distribution of Z within the multiverse of vacua is given
by
ρ(Z) = 2−N
∑
η
δ
(
Z −NZ¯ −
N∑
i=1
ηiZ
(D)
i
)
, Z¯ ≡ 1
N
N∑
i=1
Z
(S)
i . (10.33)
Using the central limit theorem, the discrete sum over the 2N configurations of η in (10.33)
can be approximated for large N with a Gaussian distribution [375]
ρ(Z) =
1√
2piN∆2
exp
[
−(Z −NZ¯)
2
2N∆2
]
, ∆2 =
1
N
N∑
i=1
Z
(D)
i
2
. (10.34)
This shows that Z peaks around NZ¯ with an approximately flat distribution in the range
|Z −NZ¯| < √N∆.
For generic couplings, we expect that Z¯ and ∆ are quantities of order unity, and thus
Z is O(N) with a relative uncertainty of order 1/
√
N . Plugging this result (which is valid
for Z = ZG,ψ,H , Y , Λ) into (10.30), we find
g, yt ∼ 1√
N
, λ ∼ 1
N
. (10.35)
For N ∼ 100, we obtain that gauge and top-Yukawa couplings are predicted to be O(10−1)
at around MPl, while the Higgs quartic coupling is O(10
−2), in good qualitative agreement
with experimental data. Indeed, adopting a ‘physical’ normalization of couplings as in
figure 10.3 left, the SM predicts g1,2,3(MPl)/
√
2 ≈ yt(MPl) ≈
√
4|λ(MPl)| ≈ 0.3.
3This is a consistent hypothesis, as long as the fields Φ are mutually weakly-interacting. In this case,
any mixed interaction is generated only by small loop effects and can be ignored.
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The different behaviour with N in (10.35) arises because λ is a quartic coupling, while
g and yt are cubic couplings. Note that this framework suggests a hierarchy between g,
yt on one side, and λ on the other side, but does not predict that λ should vanish at MPl,
again as indicated by data. Actually, since λ scans by a relative amount O(1/
√
N), a
vanishing value of λ(MPl) turns out to be fairly improbable in this setup.
10.4.3 Criticality as an attractor
We can also envisage a different situation within the multiverse hypothesis, motivated by
the observation that the measured value of both Mh and v (or equivalently the parameters
mh and λ of the potential) looks special, in the sense that they correspond to near-critical
parameters separating two phases. Indeed, as remarked in ref. [376], also Higgs natu-
ralness can be viewed as a problem of near-criticality between the broken and unbroken
EW phases. This leads to the speculation that within the multiverse critical points are
attractors and the probability density in the space of parameters is peaked around the
boundaries between different phases. In this picture generic universes are likely to live
near critical lines, and the Higgs parameters found in our universe are not at all special,
but correspond to the most likely occurrence among all the possible values which they
can assume.
There are many natural phenomena in which near-criticality emerges as an attrac-
tor [377]. A typical example is given by the slope angle of sand dunes. While one could
expect to find in a beach sand dunes with any possible slope angles, in practice the vast
majority of dunes have a slope angle roughly equal to the so-called “angle of repose”. The
angle of repose is the steepest angle of descent, which is achieved when the material form-
ing the pile is at a critical condition on the verge of sliding. The angle of repose depends
on size and shape of the material granularity, and for sand is usually about 30–35 degrees.
The typicality of finding sand dunes with slope angles near the critical value is simply
understood in terms of the forces that shape dunes. Wind builds up the dune moving
sand up to the top; gravity makes the pile collapse under its own weight when the dune
is too steep. As a result, near-criticality is the most likely condition, as a compromise
between two competing effects.
Something similar could happen with the Higgs parameters. Suppose that the vacuum
structure of the fields Φ participating in Planckian dynamics prefers low values of the Higgs
quartic coupling, so that its probability distribution is not uniform, but is a monotonically
decreasing function of λ. Once λ becomes smaller than the critical value, the Higgs
potential develops an instability at large field values. If tunnelling is sufficiently fast,
the Higgs field slides towards Planckian scales. Such large Higgs-field configurations will
in general affect the scalar potential of the fields Φ, which will readjust into a different
vacuum structure. The new vacua will give a different probability distribution for the
Higgs quartic coupling and it is imaginable that now larger values of λ are preferred. In
summary: universes in the stable or metastable phases will experience pressure towards
small λ; universes in the unstable phase will experience pressure towards large λ. As a
result, the most probable universes lie around the critical line separating the two phases.
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In an alternative scenario, when the Higgs field is destabilized the large negative value
of the potential may form a bubble of AdS space with a negative cosmological constant
of order −M4Pl in its interior.4 Such regions of space would rapidly contract and finally
disappear. Therefore, the cosmological evolution removes regions that correspond to
unstable EW vacua, leaving again the vast majority of universes crowded around the
critical boundary.
Finally, the proximity of our universe to an inhospitable phase, as shown in figure 10.5,
could be viewed as an indication that the anthropic principle is at work, in a way similar
to the case of the cosmological constant [378]. One can assume, as before, that the
probability distribution function of λ(MPl) in the multiverse is skewed towards the lowest
possible values, making it more likely for our universe to live in the leftmost region of
figure 10.5. The anthropic boundary of EW instability limits the allowed parameter
space, giving a justification of why our universe is ‘living dangerously’, with conditions
for stability barely satisfied.
10.5 Partial summary on vacuum stability
The measurement of the Higgs mass Mh has determined the last unknown parameter of
the SM, fixing the Higgs quartic coupling λ. In order to investigate whether this result
contains any useful information about physics at shorter distances, we extrapolated λ to
high energy in search for clues, assuming that no new physics degrees of freedom apart
from the standard model ones are relevant. Just as high-energy extrapolations of the
gauge coupling constants gave us hints about a possible grand unification of fundamental
forces, so the extrapolation of λ has revealed an unexpected feature of the SM. The
intriguing result is that, assuming the validity of the SM up to very high energy scales,
the measured value of Mh is near-critical, in the sense that it places the EW vacuum
right at the border between absolute stability and metastability. Because of the present
experimental uncertainties on the SM parameters (mostly the top quark mass), we cannot
conclusively establish the fate of the EW vacuum, although metastability is now preferred
at 98.6% C.L.
The special coincidence found in the value of Mh warrants a refined calculation of the
high-energy extrapolation of λ. In chapter 9 we extracted the fundamental SM parameters
λ (quartic Higgs coupling), mh (Higgs mass term), yt (top quark Yukawa coupling) from
the precisely measured values of the Higgs, top, W and Z masses and from the Fermi con-
stant at full NNLO, by performing dedicated two-loop computations. All couplings have
been extrapolated to large energies using the RGE equations, now known at NNLO (three
loops). We could then compute the effective potential known with two-loop accuracy.
A second objective was to investigate the significance of the measured value of Mh, in
view of its high-energy extrapolation. A first observation is that λ, together with all other
SM coupling constants, remains perturbative in the entire energy domain between the
4Recall, however, that in our universe the cosmological constant is 120 orders of magnitude smaller
than the na¨ıve estimate M4Pl.
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Fermi and the Planck scales. The most important result concerns the stability of the Higgs
potential. The critical condition for stability is defined as the vanishing of the effective
coupling λeff of (10.9) at some energy scale ΛI . We find ΛI = 10
10–1012 GeV, suggesting
that the instability is reached well below the Planck mass. The presence of an instability
at an intermediate scale could be interpreted as a sign of a new-physics threshold around
ΛI . It is suggestive that neutrino masses, axion, and inflation give independent indications
for new dynamics at roughly similar energy scales. The hypothetical new physics could
be responsible for a matching condition λ ≈ 0 at a scale near ΛI .
Another peculiarity found in the extrapolation of λ is its slow running at high energy.
This is due to a combination of two factors: the reduction of all SM couplings at high
energy and an accidental zero of βλ at a scale of about 10
17–1018 GeV. It is the slow
running of λ at high energy that saves the EW vacuum from premature collapse, in a
situation where ΛI MPl. Were βλ large and negative above ΛI , we could not live with
an instability scale much smaller than the cutoff scale, without being confronted with
early vacuum decay. Unfortunately, for the moment we have no way to tell whether this
special condition allowing for a prolonged vacuum lifetime is just a numerical coincidence
or an important feature of the SM.
At any rate, the smallness of βλ at high energy makes it possible to assume that there
is no new-physics threshold around ΛI and that the SM continues to be valid up to the
quantum-gravity scale, since the tunnelling probability remains small. In this context,
the value of λ(MPl) may be regarded as ‘normal’ for a SM coupling. Indeed, as discussed
in section 10.1.1, the ratios
√
4|λ|/yt and
√
8|λ|/g2 (which, at low energy, correspond to
Mh/Mt and Mh/MW , respectively) are of order unity both at the Fermi and Planck scales.
The vanishing of λ at an intermediate scale could then be purely accidental. After all,
the Higgs quartic is the only SM coupling that can cross zero during its RG evolution,
since λ = 0 is not a point of enhanced symmetry.
In our view, the most interesting aspect of the measured value of Mh is its near-
criticality. We have thoroughly studied the condition of near-criticality in terms of the
SM parameters at a high scale, which we identified with the Planck mass. This procedure
is more appropriate than a study in terms of physical particle masses, since it is more
likely that special features are exhibited by high-energy parameters, just like in the case
of gauge coupling unification. We have found that near-criticality is manifest also when
we explore the phase diagram as a function of high-energy SM couplings. Moreover, we
found evidence for multiple near-critical conditions: the measured SM parameters roughly
correspond to the minimum values of both the Higgs quartic coupling λ(MPl) and the
top Yukawa coupling yt(MPl) (at fixed gauge couplings) that allow for the existence of
a sufficiently long-lived EW vacuum. Furthermore, at fixed top Yukawa coupling, the
maximum possible values of the gauge couplings g(MPl) are preferred.
Finally, in section 10.4 we have illustrated a set of possible scenarios which could ex-
plain the values of the SM couplings at high energies. It is interesting that explanations
can be found in the context of the multiverse without relying on anthropic arguments:
near-criticality can be achieved by cosmological selection and/or by probability distribu-
tions following from some unknown Planck-scale dynamics.

11 Summary and conclusions
After about two years of operation of the LHC and the remarkable discovery of a Higgs-
like particle of 125 GeV mass, the view of a natural Fermi scale is still under scrutiny,
with three different lines of investigation: the more precise measurements of the properties
of the same Higgs-like boson, the direct searches of new particles that are expected to
accompany the Higgs boson, and several precision measurements in flavour physics. While
no clear hint of physics beyond the Standard Model has appeared up to now in either
of these searches, the negative results allow to put limits on the masses and couplings of
the expected new particles, which in turn translate into valuable informations about the
nature of the physical phenomena taking place at the Fermi scale.
Taking naturalness as a guiding principle, the lightness of the Higgs boson calls for the
existence of new physics related to EWSB in the TeV range, not too far above the elec-
troweak scale. In most motivated extensions of the SM this implies also the appearance of
new flavour physics phenomena at similar energies. For this to be the case, however, some
physical mechanism must be operative to avoid the presence of unseen large deviations
from the CKM picture of flavour and CP violation: if present at all they must be kept
under some control. This is a problem that one has to face in any realistic model of BSM
physics at the weak scale.
The approximate U(2)3 symmetry exhibited by the quark sector of the SM Lagrangian
can provide such a mechanism of suppression of the unwanted flavour and CP effects. In
the first part of this thesis we have explored this possibility in an effective field theory
approach, where all the BSM degrees of freedom are encoded in the Wilson coefficients
of a set of effective operators of dimension greater than four. We have considered in
particular the hypothesis that the breaking of the U(2)3 symmetry is governed only by the
parameters responsible for the light quark masses and mixings; we have then generalized
this assumption to the generic case where all the possible breaking terms are included.
In both cases, the main message that emerges from these general EFT considerations
is that the wealth of current flavour physics data is still broadly compatible with new
phenomena hiding at an interesting scale of about 3 TeV ≈ 4piv. This is clearly a relevant
energy range for BSM theories of EWSB, either perturbative or strongly interacting. We
find this a particularly significant fact from many different points of view: most of all it
gives reasons to think that new physics searches in the flavour sector may be about to
explore an interesting realm of phenomena.
There are many observables where deviations from the SM could show up in view of
near-future experimental progress; among these particular attention is due to CP violation
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in the mixing of the Bs system and in rare B and K decays, as described in chapter 4.
Suppose that a significant deviation from the SM emerged in the experiments to
come, which could be accounted for in the effective framework described above. How
could one tell that U(2)3 is the relevant approximate symmetry, without uncovering by
direct production the underlying dynamics (supersymmetry, a new strong interaction or
whatever)? The best way would be to study the correlation between B decays with s and
d quarks in the final state, which would have to be the same as in the SM. Such correlation
is in fact also expected in MFV. However, the only way to have effects in MFV similar
to the ones discussed in Minimal U(2)3 requires the presence of two Higgs doublets, one
coupled to the up quarks and one to the down quarks, with large values of the usual tan β
parameter [45, 70]. This, in turn, would have other characteristic effects not necessarily
expected in Minimal U(2)3. In the case of small tan β or with one Higgs doublet only,
distinguishing MFV from U(2)3 would be straightforward by means of the additional
effects like CP violation in Bs mixing or non-universal contributions to B → Kνν¯ vs.
K → piνν¯ decays.
The relation of these considerations with natural models of electroweak symmetry-
breaking is manifest: both in supersymmetry and composite models it is non trivial how
specific realizations cope with tests of flavour and CP violation. In particular if the Higgs
boson is a composite object, solving the flavour problem is of primary importance for
any realistic model. A remarkable fact is that the U(2)3 symmetry naturally provides for
a distinction between the third and the first two generations, a feature that is required
both in supersymmetry and in composite Higgs models for several different reasons. More
in general, the interplay of measurements in flavour, electroweak and Higgs physics may
help answering the relevant question of whether the mechanism ultimately responsible for
EWSB is weakly or strongly interacting.
Finally, a coherent picture of flavour physics at the weak scale may also shed light
on another fundamental, and perhaps not unrelated question in particle physics: what is
the origin of the three generations of matter and of their peculiar pattern of masses and
mixings?
One way to implement a natural Fermi scale is to make the Higgs particle, one or more
of them, a pseudo-Goldstone boson of a new strong interaction in the few TeV range. A
meaningful question is then if and how a Higgs boson of 125 GeV mass fits into this
picture, which requires spin-1
2
resonances, partners of the top, with a semi-perturbative
coupling to the strong sector and a mass not exceeding about 1 TeV.
Not the least difficulty in addressing this question is the variety of possible specific
implementations of the pseudo-Goldstone-boson-Higgs picture, especially with regard to
the different representations of the spin-1
2
resonances and the various ways to describe
flavour. A further problem is represented by the limited calculability of key observables
in potentially complete models, due to their strongly interacting nature. To circumvent
these difficulties, we have adopted some simple partial-compositeness Lagrangians and
assumed that they catch the basic phenomenological properties of the theories under
consideration.
Remarkably, some of the strongest constraints on models of partial compositeness
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come from flavour physics, enforced by the relative smallness of the coupling of fermionic
resonances in the composite sector required to reproduce the measured value of the Higgs
mass. This is especially true for the case of a strong dynamics with anarchic flavour struc-
ture, where the suppression of dangerous flavour effects relies entirely on the smallness of
the elementary-composite mixings for the light generations of quarks. The introduction
of a large flavour symmetry presents some additional difficulties with respect to the ef-
fective field theory analysis, mainly because of the new relations among parameters that
are introduced. Minimal flavour violation based on U(3)3 requires a large degree of com-
positeness of (at least one chirality of) the light quarks, which is strongly constrained by
collider studies. The requirement of both a nontrivial flavour structure in the strong sec-
tor, and the disentanglement of the properties of the first and third generation of quarks
naturally leads to U(2)3.
We have seen in chapter 6 how the U(2)3 symmetry and its breaking can be imple-
mented in a generic composite Higgs model, and we have studied its peculiar consequences
for flavour and CP violation, comparing it to the cases of anarchy and MFV. The gen-
eral message that emerges from our analysis is pretty clear: top partners with a mass
equal or less than about 1 TeV, as required by naturalness, are often not compatible with
all the constraints, and one has to choose accurately the underlying model in order to
accommodate them. An approximate U(2)3 symmetry appears favorite, if not necessary.
The attempt to include many different possibilities, though motivated, is also a limit
of our analysis. A next step might consist in selecting a few emerging cases to analyze
them in more detail, perhaps going beyond the partial-compositeness effective description.
For this we think that table 6.10 offers a useful criterion. It is in any event important and
a priori non trivial that some models with a suitable structure emerge that look capable
of accommodating a 125 GeV Higgs boson without too much fine tuning, i.e. with top
partners in an interesting mass range for discovery at the LHC.
Is the newly found Higgs boson alone or is it a member of a family of scalar particles?
Now that we know that one Higgs boson exists this is a compelling question, both per
se and in many motivated different scenarios. While also non-minimal composite Higgs
models can include additional scalar states, a context where their presence is not just a
possibility, but they are required for consistency, is the one of supersymmetric extensions
of the SM. In particular, naturalness requires at least another doublet of Higgs particles
to lie close to the Fermi scale. It is in fact not inconceivable that part of such an extended
Higgs system be the lightest fragments of the entire supersymmetric particle spectrum,
with the possible exception of the LSP.
It is thus of particular interest to know which impact the measurements – current and
foreseen – of the different signal strengths of the newly found resonance, as well as of
its mass, have on this problem and how they compare with the potential of the direct
searches of extra states. It turns out that the properties of the Higgs boson discovered
at the LHC play, once again, a dominant role in determining the features of a natural
supersymmetric model at the Fermi scale.
In the MSSM a well-known fact is that a 125 GeV Higgs mass can be obtained only
with a large radiative contribution from the top-stop sector, which in turn implies a
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sizeable amount of fine-tuning. In addition, always in the MSSM, a second doublet is
excluded below about 300 GeV from the determination of the various Higgs decay rates,
reaching at present a 30% precision in many channels, which would be influenced by the
mixing with a light scalar state.
In the NMSSM the introduction of an additional scalar singlet coupled to the doublets
of the MSSM alleviates many fine-tuning problems: it allows for lighter stops by virtue
of the larger tree-level contribution to the Higgs mass, and at the same time it reduces
the tuning of the weak scale v. A difficulty in a thorough study of the Higgs sector of the
NMSSM is nevertheless represented by the large number of parameters, many of which
related to the singlet potential and thus at present not measurable. In chapter 8 we
focussed on the CP-even sector, assuming a negligibly small CP violation in the Higgs
system. We tried to formulate our analysis as much as possible in terms of observable
physical quantities, and without sticking to a particular model, in view of forthcoming
searches to be performed at the LHC in a systematic way. In addition, we have made
a number of simplifying assumptions on the parameter space, motivated by naturalness
requirements. In our view the advantages of having an overall coherent analytic picture
justify the introduction of these assumptions.
There are a few interesting simplified configurations where one of the CP-even states
is decoupled which allow a relatively simple description, at the same time catching the
main phenomenological features of the extended Higgs sector. The main message that
emerges from the analysis of these cases is that a new further state nearby is allowed by
present data, unlike in the case of the MSSM. A variety of possible phenomenologies is
expected for these new states, depending on their masses and mixings.
We kept a particular attention on the region of parameter space at low tan β and
λ ≈ 1, which is most relevant for naturalness. Such large values of the singlet-Higgs
coupling imply the presence of a threshold of strong dynamics well below the GUT scale.
This is nevertheless compatible with gauge-coupling unification, as we demonstrated in a
simple toy-model with partially composite Higgs fields.
It will be interesting to follow the progression of the searches of the Higgs system,
directly or indirectly through the more precise measurements of the properties of the
state already found at the LHC. It is also clear that the combined improvement in both
these directions – even if pretty challenging in some cases – will allow to extensively
explore the parameter space of the NMSSM in the next few years. We believe that the
framework outlined in chapter 8 should allow one to systematize these searches in a clear
way. We also think that they should be pursued actively and independently from the
searches of the superpartners.
In spite of the absence of any signal of the physical phenomena associated with a
natural Fermi scale, the LHC has already provided relevant new informations about the
possible nature of weak-scale physics – be it strongly or weakly interacting – first through
the discovery of the Higgs boson and then through the more detailed determination of
its properties. But is naturalness really a good guiding principle to explore the physics
of EWSB? The first run of the LHC has also shown that Nature at the weak scale is
necessarily fine-tuned to some amount. Recall also that, while the LHC had the certainty
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of a discovery (the Higgs boson or whatever else) guaranteed by the need for a consistent
theory, the appearance of any further new phenomenon is not assured by any theorem.
What we have tried to show in the different parts of this thesis is that there are several
possibilities where a natural Fermi scale with a mild amount of fine-tuning is compatible
with the various experimental constraints, in particular with partners of the top quark –
either composite or supersymmetric – and extra Higgs bosons within the range of forth-
coming experimental searches. We think, therefore, that naturalness still remains the
most motivated scenario for physics at the electroweak scale, as it already was in many
other contexts of particle physics.
The second run of the LHC at a center-of-mass energy of 13 or 14 TeV will in any case
be crucial for the answer to that question. If no departure from the SM will be found
there, a shift of paradigm will very likely be required in order to understand the physical
phenomena above the electroweak scale. A worrisome aspect of such an eventuality would
be the impossibility to ignore very-short-distance physics, not accessible to direct experi-
mental investigation. On the other hand, an intriguing side of this fact is that Fermi-scale
physics may then provide some insight on unknown Planck-scale phenomena.
An interesting possibility in this direction, which has been studied in chapter 10, comes
from the impressive proximity of various SM couplings to their critical value associated
with the stability of the electroweak vacuum. If the SM is assumed to hold without
modifications up to very high energies, then the effective Higgs potential develops an
instability at a scale of about 1011 GeV; its vacuum state v ' 246 GeV is metastable,
with a decay-time much longer than the age of the universe. The Higgs quartic and top
Yukawa couplings are critical parameters separating two phases: a tiny variation with
respect to their measured values would stabilize the potential or lead to a fast decay of
the vacuum. The LHC, measuring the last free parameter of the SM, has thus already
provided valuable informations about short-distance physics even in the worst case where
there is no BSM physics at the Fermi scale.
Provided it is not just a fortuitous coincidence, an explanation of near-criticality almost
necessarily requires the existence of an underlying statistical system. A multiverse of
vacua where the coupling constants scan through the parameter-space and are statistically
determined can provide such kind of a system. Near-criticality may emerge there from
an appropriate probabilistic pressure in the space of coupling constants, together with
the anthropic requirement that selects universes in which the life-friendly EW vacuum
is sufficiently long-lived. The principle of living dangerously populates universes close to
the boundary of a hospitable phase, just as it is conjectured to happen in the case of the
cosmological constant.
Near-criticality could also find an explanation in the multiverse without any reference
to anthropic reasoning. In Nature there exist statistical systems in which criticality is
an attractor point of their dynamical evolution. If a similar phenomenon took place
in the multiverse, then the majority of universes would populate regions close to phase
transitions. Such an explanation of near-criticality of the Higgs mass could also provide a
link to the naturalness problem, since the smallness of the mass parameter m in the Higgs
potential is near-critical with respect to the EW symmetry-breaking phase transition. It
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is indeed a remarkable experimental fact that both λ and m, the two parameters of the
Higgs potential, happen to lie very close to boundaries between different phases of the
SM. So, according to this interpretation, near-criticality of the Higgs parameters would
be a fairly generic property and our universe would be unexceptional.
We have tried to summarize in this thesis a variety of very different scenarios of
physics at the Fermi scale, both strongly and weakly interacting, natural and not. All of
these scenarios are well motivated, and, if they should be verified with the forthcoming
experimental progress, they would represent a major breakthrough in our understanding
of Nature at very small scales. The diversity of the various presented topics makes our
discussion inevitably partial and incomplete. We have thus focussed on a few situations
which to us look most relevant from the point of view of naturalness and of the impact
of near-future experimental improvements. The last part of the work constitutes perhaps
an exception to this general attitude. Flavour and Higgs physics and their interplay are
the main guidelines for all the considered subjects.
Whether or not physics at and beyond the electroweak scale can be ascribed to one of
the frameworks considered here will be clear as soon as the LHC will provide new data
at a higher collision energy. In any case, the progress of the next decade will give us a
first clear picture of the phenomena taking place at the Fermi scale and may provide an
answer to several fundamental questions of particle physics.
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A Loop functions for flavour ampli-
tudes
The loop functions appearing in equations (3.18)–(3.24) are, in the ’t Hooft-Feynman
gauge for the gauge bosons [57],
B0(x) =
1
4
(
x
1− x +
x log x
(x− 1)2
)
, (A.1)
C0(x) =
x
8
(
x− 6
x− 1 +
3x+ 2
(x− 1)2 log x
)
, (A.2)
D0(x) = −4
9
log x+
25x2 − 19x3
36(x− 1)3 +
x2(5x2 − 2x− 6)
18(x− 1)4 log x, (A.3)
E0(x) = −2
3
log x+
x2(15− 16x+ 4x2)
6(1− x)4 log x+
x(18− 11x− x2)
12(1− x)3 , (A.4)
D′0(x) = −
8x3 + 5x2 − 7x
12(1− x)3 +
x2(2− 3x)
2(1− x)4 log x, (A.5)
E ′0(x) = −
x(x2 − 5x− 2)
4(1− x)3 +
3
2
x2
(1− x)4 log x, (A.6)
S0(x, x) =
4x− 11x2 + x3
4(1− x)2 −
3x2 log x
2(1− x)3 , (A.7)
S0(x, y) = y
(
log
x
y
− 3x
4(1− x) +
3x2 log x
4(1− x)2
)
+ O(y2). (A.8)
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B Quark bilinears in Generic U(2)3
In the basis where the spurions take the form (4.6), (4.7) the chirality-conserving bilinears
of (4.9)–(4.11) can be written in the form
XkinLu = AuL1+BuLL
u
23IL32(Lu23)T , X int,αLu = AαuL1+BαuLUu,α23 IL32(Uu,α23 )†, (B.1)
XkinRu = AuR1+BuR(R
u
23)
TIRu32 Ru23, X int,αRu = AαuR1+BαuR(Uu,α23 )†IRu32 Uu,α23 , (B.2)
plus analogous expressions for the down sector, where II32 = diag(0,O(2I), 1), the A’s and
B’s are real functions of the parameters of (4.9)–(4.11). The chirality-breaking bilinears
of (4.12),(4.13) are
Yu = λt(L
u
23I3Ru23 + Lu12∆Y˜ diagu V u12), Mβu = λt(aβuUu,β23 I3V u,β23 + dβuLu12∆Y˜ diagu V u12), (B.3)
Yd = λb(U
d
23I3Rd23 + Ud12∆Y˜ diagd V d12), Mβd = λb(aβdUd,β23 I3V d,β23 + dβdUd12∆Y˜ diagd V d12), (B.4)
where I3 = diag(0, 0, 1), ∆Y˜ diagu,d = diag(yu,d, yc,s, 0), and yu,d,c,s are the diagonal entries of
∆Y diagu,d . Everywhere Uij (Vij) stand for unitary left (right) matrices in the (i, j) sector,
while Lij (Rij) indicate orthogonal left (right) matrices. In particular U
d
12 = ΦLL
d
12 and
V u,d12 = Φ
u,d
R R
u,d
12 .
Going to the physical mass basis through the transformations (4.14), (4.15) the chirality-
conserving operators become
X int,αdL 7→ AαdL1+BαdL(Ud12)†Ud,α23 IL32(Ud,α23 )†Ud12, (B.5)
X int,αdR 7→ AαdR1+BαdR(V d12)†V d,α23 IRd32 (V d,α23 )†V d12, (B.6)
and the σµν-terms are
Mβd 7→ λb
(
aβd(U
d
12)
†Uβ23I3V β23V d12 + cβd∆Y˜ diagd
)
, (B.7)
plus analogous expressions for the up sector.
Here we give the results obtained after rotation to the mass basis for all possible
quark bilinears, factorizing out explicitly all the phases, CKM matrix elements and quark
masses. We define ξij = V
∗
tiVtj, and ζij = VibV
∗
jb. In chirality-breaking bilinears α = γ(g)
for (chromo)electric dipole operators, while α = cb for other generic interaction bilinears.
All the parameters are real.
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B.1 Up quark sector
Chirality-conserving LL and RR currents:
XuL12 = cDζuc, X
uL
13 = cte
iφtζut, X
uL
23 = cte
iφtζct, (B.8)
XuR12 = c˜De
i(φu1−φu2 )ζuc
suR
suL
(uR
L
)2
, XuR13 = c˜te
i(φ˜t+φu1 )ζut
suR
suL
uR
L
, XuR23 = c˜te
i(φ˜t+φu2 )ζct
uR
L
.
(B.9)
Flavour-conserving dipole operators:
Mu11 = c
α
De
i(φαD−φu1 )ζuu
suR
suL
uR
L
, Mu22 = c
α
De
i(φαD−φu2 )ζcc
uR
L
, Mu33 = ate
iαt . (B.10)
Flavour-changing, chirality-breaking operators:
Mu12 = c
α
De
i(φαD−φu2 )ζuc
uR
L
, Mu21 = c
α
De
i(φαD−φu1 )ζ∗uc
suR
suL
uR
L
, (B.11)
Mu13 = c
α
t e
iφαt ζut, M
u
31 = c˜
α
t e
i(φ˜αt −φu1 )ζ∗ut
suR
suL
uR
L
, (B.12)
Mu23 = c
α
t e
iφαt ζct, M
u
32 = c˜
α
t e
i(φ˜αt −φu2 )ζ∗ct
uR
L
. (B.13)
B.2 Down quark sector
Chirality-conserving LL and RR currents:
XdL12 = cKξds, X
dL
13 = cBe
iφBξdb, X
dL
23 = cBe
iφBξsb, (B.14)
XdR12 = c˜Ke
i(φd1−φd2)ξds
sdR
sdL
(dR
L
)2
, XdR13 = c˜Be
i(φ˜B+φ
d
1)ξdb
sdR
sdL
dR
L
, XdR23 = c˜Be
i(φ˜B+φ
d
2)ξsb
dR
L
.
(B.15)
Flavour-conserving dipole operators:
Md11 = λb c
α
Ke
i(φαK−φd1)ξdd
sdR
sdL
dR
L
, Md22 = λb c
α
Ke
i(φαK−φd2)ξss
dR
L
, Md33 = λb abe
iαb . (B.16)
Flavour-changing, chirality-breaking operators:
Md12 = λb c
α
Ke
i(φαK−φd2)ξds
dR
L
, Md21 = λb c
α
Ke
i(φαK−φd1)ξ∗ds
sdR
sdL
dR
L
, (B.17)
Md13 = λb c
α
Be
iφαBξdb, M
d
31 = λb c˜
α
Be
i(φ˜αB−φd1)ξ∗db
sdR
sdL
dR
L
, (B.18)
Md23 = λb c
α
Be
iφαBξsb, M
d
32 = λb c˜
α
Be
i(φ˜αB−φd2)ξ∗sb
dR
L
. (B.19)
C Contributions to Tˆ from partial
compositeness
We compute the one-loop contributions to ∆ρ = Tˆ arising from top partner loops in
models with partial compositeness. We do the calculation in the elementary-composite
basis for fermions and vector bosons.
Consider a composite sector which has a custodial SU(2)L × SU(2)R symmetry, and
the corresponding ρL and ρR vector resonances. After electroweak symmetry breaking,
the resonances mix with the elementary W bosons in the following way:
W ρL
= i
g
gρ
m2ρ ≡ −im2ρ∆L, W ρR = i
g
gρ
v2g2ρ
4
≡ −im2ρ∆R. (C.1)
Since the composite sector is symmetric under the custodial SU(2)L × SU(2)R, el-
ementary fermion insertions are needed in the loop in order to have a non-vanishing
contribution. Moreover at least four Higgs insertions are needed overall to generate the
operator OH = (H†DµH)2. The contributions from the following two-point functions
contribute to Tˆ after elementary-composite mixings on the external legs:
• TˆLL ∝ ∆2L from W -ρL mixing on both external legs of 〈ρLρL〉: four Higgs insertions
inside the fermion loop are needed;
• TˆWL ∝ ∆L from W -ρL mixing on the ρL leg of 〈WρL〉 and 〈ρLW 〉: four Higgs
insertions inside the fermion loop;
• TˆRR ∝ ∆2R from W -ρR mixing on both external legs of 〈ρRρR〉: all the Higgs inser-
tions are in the L-R mixings;
• TˆLR ∝ ∆L∆R from W -ρL and W -ρR mixing on the external legs of 〈ρLρR〉 and
〈ρRρL〉: two Higgs insertions are in the L-R mixing and two are in the fermion loop;
• TˆWR ∝ ∆R from W -ρR mixing on the ρR leg of 〈WρR〉 and 〈ρRW 〉: two Higgs
insertions are in the L-R mixing and two are in the fermion loop.
Here we give the leading terms in v/f and in the elementary/composite quark mixings
in the one-doublet (1D), two-bidoublets (2B) and triplet (T) models. We consider only
third-generation quarks, since all the other mixings are negligible.
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C.1 Doublet model
In the limit Y˜ → 0 one gets1
TˆLL1D =
13
105
Nc
(4pi)2
m2tY
2
M2fx
2
t
, TˆWL1D = 0, (C.2)
TˆLR1D =
13
60
Nc
(4pi)2
m2tY
2
M2fx
2
t
TˆWR1D = 0, (C.3)
TˆRR1D =
1
6
Nc
(4pi)2
m2tY
2
M2fx
2
t
, (C.4)
and the total contribution is thus
Tˆ1D =
71
140
Nc
(4pi)2
m2tY
2
M2fx
2
t
. (C.5)
Including also the Y˜ terms one has
Tˆ1D =
Nc
(4pi)2
m2tY
2
M2fx
2
t
(
1
210
(26 + 6X + 9X2 −X3 + 5X4) +R2(13 +X + 8X2) + R
4
6
)
,
(C.6)
where X ≡ Y˜ /Y and R ≡Mf/(Y f).
C.2 Bidoublet model
In the limit Y˜ → 0 one gets
TˆLL2B = −
4
105
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWL2B =
1
15
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.7)
TˆLR2B = −
1
5
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWR2B = −
5
12
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.8)
TˆRR2B =
1
3
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.9)
and the total contribution is
Tˆ2B = −107
420
Nc
(4pi)2
m2tx
2
tY
2
M2f
. (C.10)
Including also the Y˜ terms one has
Tˆ2B =
Nc
(4pi)2
m2tY
2x2t
M2f
(
12 + 272X + 485X2 − 302X3 + 82X4
420
−R2 37 + 98X − 24X
2
60
+
R4
3
)
,
(C.11)
where X ≡ Y˜ /Y and R ≡Mf/(Y f).
1i.e. neglecting the composite Yukawa couplings Y˜ with non-standard chirality, see footnote at p. 62.
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C.3 Triplet model
The leading contributions are proportional to λ2R. In the limit of vanishing Y˜ , and regu-
larizing with a momentum cut-off, one gets:
TˆLLT,R = −
1
2
Nc
(4pi)2
m2tY
3
M2f ytxt
, TˆWLT,R = 0, (C.12)
TˆLRT,R = 0, Tˆ
WR
T,R = 0, (C.13)
TˆRRT,R =
Nc
(4pi)2
m2tY
3
M2f ytxt
log
( Λ2
M2f
+ 1
)
, (C.14)
and the total λ2R contribution is
TˆT,R =
(
log
( Λ2
M2f
+ 1
)
− 1
2
)
Nc
(4pi)2
m2tY
3
M2f ytxt
. (C.15)
Including also the Y˜ terms one has
TˆT,R =
Nc
(4pi)2
m2tY
3
M2f ytxt
(
−15− 2X
2 − 26X2 + 24X3 − 17X4
480
+
R2
48
X(5X − 1) +R4 log
( Λ2
M2f
+ 1
))
.
(C.16)
There are many diagrams that give contributions to Tˆ proportional to λ4L. In the limit
Y˜ → 0 one gets
TˆLLT,L =
3
7
Nc
(4pi)2
m2tY
2x2t
M2f
, TˆWLT,L =
8
15
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.17)
TˆLRT,L =
19
30
Nc
(4pi)2
m2tx
2
tY
2
M2f
, TˆWRT,L =
5
12
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.18)
TˆRRT,L =
1
3
Nc
(4pi)2
m2tx
2
tY
2
M2f
, (C.19)
and the total λ4L contribution is
TˆT,L =
197
84
Nc
(4pi)2
m2tx
2
tY
2
M2f
. (C.20)
Including also the Y˜ terms one has
TˆT,L =
Nc
(4pi)2
m2tY
2x2t
M2f
(
404 + 1168X + 737X2 − 78X3 − 2X4
420
+R2
63 + 101X − 22X2
60
+
R4
3
)
.
(C.21)

D Weak scale thresholds at one loop
We summarize here the one-loop corrections θ(1) to the various SM parameters
θ = {λ,m, yt, g2, gY } = θ(0) + θ(1) + θ(2) + · · · . (D.1)
We perform one-loop computations in a generic ξ gauge, confirming that θ(1) is gauge-
independent, as it should. Our expressions for θ(1) are equivalent to the well known
expressions in the literature. We write θ(1) in terms of the finite parts of the the Passarino-
Veltman functions
A0(M) = M
2(1− ln M
2
µ¯2
), B0(p;M1,M2) = −
∫ 1
0
ln
xM21 + (1− x)M22 − x(1− x)p2
µ¯2
dx .
(D.2)
The dependence of θ(1) on the renormalization scale µ¯ reproduces the well known one-loop
RGE equations for θ. Below we report the expressions valid in the limit Mb = Mτ = 0;
the negligible effect of light fermions masses is included in our full code.
D.1 The quartic Higgs coupling
The one-loop result is obtained from equation (9.10):
δ(1)λ =
1
(4pi)2V 4
Re
[
3M2t (M
2
h − 4M2t )B0(Mh;Mt,Mt) + 3M2hA0(Mt)
+
1
4
(
M4h − 4M2hM2Z + 12M4Z
)
B0(Mh;MZ ,MZ) +
M2h(7M
2
W − 4M2Z)
2(M2Z −M2W )
A0(MZ)
+
1
2
(M4h − 4M2hM2W + 12M4W )B0(Mh;MW ,MW )−
3M2hM
2
W
2(M2h −M2W )
A0(Mh)
+
M2h
2
(
3M2h
M2h −M2W
− 3M
2
W
M2Z −M2W
− 11
)
A0(MW ) +
9
4
M4hB0(Mh;Mh,Mh)
+
1
4
(M4h +M
2
h(M
2
Z + 2M
2
W − 6M2t )− 8(M4Z + 2M4W ))
]
. (D.3)
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Each one of the terms in (9.10) is gauge dependent, e.g. the one-loop correction to muon
decay is
∆r
(1)
0
∣∣∣
fin
=
1
(4piV )2
[
3M2t −M2W −
M2Z
2
− M
2
h
2
+
3M2WA0(Mh)
M2h −M2W
− 6A0(Mt)
+
6M2W − 3M2Z
M2W −M2Z
A0(MZ) +
(
9− 3M
2
h
M2h −M2W
− 3M
2
W
M2W −M2Z
)
A0(MW )
+ 2A0(
√
ξMW ) + A0(
√
ξMZ)
]
(D.4)
and the gauge dependence cancels out in the sum λ(1)(µ¯).
D.2 The Higgs mass term
The correction is obtained from eq. (9.12):
δ(1)m2 =
1
(4pi)2V 2
Re
[
6M2t (M
2
h − 4M2t )B0(Mh;Mt,Mt) + 24M2t A0(Mt)
+ (M4h − 4M2hM2W + 12M4W )B0(Mh;MW ,MW )− 2(M2h + 6M2W )A0(MW )
+
1
2
(
M4h − 4M2hM2Z + 12M4Z
)
B0(Mh;MZ ,MZ)− (M2h + 6M2Z)A0(MZ)
+
9
2
M4hB0(Mh;Mh,Mh)− 3M2hA0(Mh)
]
. (D.5)
D.3 The top Yukawa coupling
The gauge-invariant one-loop correction to the top Yukawa coupling is obtained from (9.16)
δ(1)yt =
Mt√
2V 3(4pi)2
Re
[
− (M2h − 4M2t )B0 (Mt;Mh,Mt)
+
M2t (80M
2
WM
2
Z− 64M4W−7M4Z) + 40M2WM4Z − 32M4WM2Z−17M6Z
9M2tM
2
Z
B0 (Mt;Mt,MZ)
+
(M2tM
2
W +M
4
t − 2M4W )
M2t
B0 (Mt; 0,MW ) +
(
3M2W
M2W −M2h
+ 1
)
A0 (Mh)
+
(
3M2h
M2h −M2W
+
2M2W
M2t
+
3M2W
M2W −M2Z
− 10
)
A0 (MW )
+
(36M2tM
2
Z − 56M2WM2Z + 64M4W − 17M4Z)
9M2tM
2
Z
A0 (Mt)
+
(
3M2W
M2Z −M2W
+
32M4W − 40M2WM2Z + 17M4Z
9M2tM
2
Z
− 3
)
A0 (MZ)
+
M2h
2
− 3M2t − 9M2W +
7M2Z
18
+
64M2W
9M2Z
]
− Mtg
2
3√
2V (4pi)2
(
8A0 (Mt)
M2t
+
8
3
)
. (D.6)
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D.4 The weak gauge couplings
The one-loop correction to the SU(2)L gauge coupling is obtained from eq. (9.18):
δ(1)g2 =
2MW
(4pi)2V 3
Re
[(
M4h
6M2W
− 2M
2
h
3
+ 2M2W
)
B0 (MW ;Mh,MW )
+
(
−M
4
t
M2W
−M2t + 2M2W
)
B0 (MW ; 0,Mt)
+
1
6
(
−48M
4
W
M2Z
+
M4Z
M2W
− 68M2W + 16M2Z
)
B0 (MW ;MW ,MZ)
+
1
6
(
M2h
(
9
M2h −M2W
+
1
M2W
)
+
M2Z
M2W
+M2W
(
9
M2W −M2Z
+
48
M2Z
)
− 27
)
A0 (MW )
+
(
2− M
2
h (M
2
h + 8M
2
W )
6M2W (M
2
h −M2W )
)
A0 (Mh) +
(
M2t
M2W
+ 1
)
A0 (Mt)
+
1
6
(
24M2W
M2Z
− M
2
Z
M2W
+
9M2W
M2Z −M2W
− 17
)
A0 (MZ)
+
1
36
(
−3M2h + 18M2t +
288M4W
M2Z
− 374M2W − 3M2Z
)]
. (D.7)
The one-loop correction to the U(1)Y gauge coupling is obtained from eq. (9.20):
δ(1)gY =
2
√
M2Z −M2W
(4pi)2V 3
Re
[(
88
9
− 124M
2
W
9M2Z
+
M2h + 34M
2
W
6(M2Z −M2W )
)
A0 (MZ)
+
M2h − 4M2W
2(M2h −M2W )
A0 (Mh) +
(
−7
9
− M
2
t
M2Z −M2W
+
64M2W
9M2Z
)
A0 (Mt)
+
M4h + 2M
2
W (M
2
W − 15M2Z) + 3M2H(2M2W + 7M2Z)
6 (M2h −M2W ) (M2W −M2Z)
A0 (MW )
− M
4
t +M
2
WM
2
t − 2M4W
M2W −M2Z
B0 (MW ; 0,Mt)− M
4
h − 4M2ZM2h + 12M4Z
6(M2W −M2Z)
B0 (MZ ;Mh,MZ)
+
M4h − 4M2WM2h + 12M4W
6(M2W −M2Z)
B0 (MW ;Mh,MW )
+
M6Z − 48M6W − 68M2ZM4W + 16M4ZM2W
6M2Z (M
2
W −M2Z)
B0 (MW ;MW ,MZ)
+
1
9
(
7M2t − 23M2W + 17M2Z −
64M2tM
2
W
M2Z
− 9M
2
W (M
2
t −M2W )
M2Z −M2W
)
B0 (MZ ;Mt,Mt)
+
M6Z − 48M6W − 68M2ZM4W + 16M4ZM2W
6M2Z (M
2
Z −M2W )
B0 (MZ ;MW ,MW )
+
1
36
(
576M4W
M2Z
− 242M2W − 3M2h + 257M2Z +
36M2W
M2Z −M2W
+M2t
(
82− 256M
2
W
M2Z
))]
.
(D.8)

E SM RGE equations up to three
loops
We list here the known results for the renormalization group equations up to three-loop
order for the SM couplings g1, g2, g3, yt and λ in the ms scheme. We write numerically
those three-loop coefficients that involve the ζ3 constant. Stopping for simplicity at two
loops, we also write RGE equations for the smaller bottom and tau Yukawa couplings and
their contributions to the RGE of the large couplings. Our numerical code includes full
RGE at 3 loops.
E.1 Gauge couplings
RGE for the hypercharge gauge coupling in GUT normalization (g21 = 5g
2
Y /3):
dg21
d ln µ¯2
=
g41
(4pi)2
[
41
10
]
+
g41
(4pi)4
[
44g23
5
+
27g22
10
+
199g21
50
− 17y
2
t
10
− y
2
b
2
− 3y
2
τ
2
]
+
g41
(4pi)6
[
y2t
(
189y2t
16
− 29g
2
3
5
− 471g
2
2
32
− 2827g
2
1
800
)
+ λ
(
−36λ
5
+
9g22
5
+
27g21
25
)
+
297g43
5
+
789g42
64
− 388613g
4
1
24000
− 3g
2
3g
2
2
5
− 137g
2
3g
2
1
75
+
123g22g
2
1
160
]
. (E.1)
RGE for the SU(2)L gauge coupling:
dg22
d ln µ¯2
=
g42
(4pi)2
[
− 19
6
]
+
g42
(4pi)4
[
12g23 +
35g22
6
+
9g21
10
− 3y
2
t
2
− 3y
2
b
2
− y
2
τ
2
]
+
g42
(4pi)6
[
y2t
(
147y2t
16
− 7g23 −
729g22
32
− 593g
2
1
160
)
+ λ
(
−3λ+ 3g
2
2
2
+
3g21
10
)
+81g43 +
324953g42
1728
− 5597g
4
1
1600
+ 39g23g
2
2 −
g23g
2
1
5
+
873g22g
2
1
160
]
. (E.2)
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RGE for the strong gauge coupling, including also pure QCD terms at 4 loops:
dg23
d ln µ¯2
= −7 g
4
3
(4pi)2
+
g43
(4pi)4
[
− 26g23 +
9g22
2
+
11g21
10
− 2y2t − 2y2b
]
+
g43
(4pi)6
[
y2t
(
15y2t − 40g23 −
93g22
8
− 101g
2
1
40
)
+
65g43
2
+
109g42
8
− 523g
4
1
120
+ 21g23g
2
2 +
77g23g
2
1
15
− 3g
2
2g
2
1
40
]
− 2472.28 g
10
3
(4pi)8
. (E.3)
E.2 Higgs quartic coupling
RGE for the Higgs quartic coupling:
dλ
d ln µ¯2
=
1
(4pi)2
[
λ
(
12λ+ 6y2t + 6y
2
b + 2y
2
τ −
9g22
2
− 9g
2
1
10
)
− 3y4t − 3y4b − y4τ
+
9g42
16
+
27g41
400
+
9g22g
2
1
40
]
+
1
(4pi)4
[
λ2
(
−156λ− 72y2t − 72y2b − 24y2τ + 54g22 +
54g21
5
)
+ λy2t
(
−3y
2
t
2
− 21y2b + 40g23 +
45g22
4
+
17g21
4
)
+ λy2b
(
−3y
2
b
2
+ 40g23 +
45g22
4
+
5g21
4
)
+ λy2τ
(
−y
2
τ
2
+
15g22
4
+
15g21
4
)
+ λ
(
−73g
4
2
16
+
1887g41
400
+
117g22g
2
1
40
)
+ y4t
(
15y2t − 3y2b − 16g23 −
4g21
5
)
+ y2t
(
−9g
2
2
8
− 171g
4
1
200
+
63g22g
2
1
20
)
+ y4b
(
−3y2t + 15y2b − 16g23 +
2g21
5
)
+ y2b
(
−9g
2
2
8
+
9g41
40
+
27g22g
2
1
20
)
+ y4τ
(
5y2τ −
6g21
5
)
+ y2τ
(
−3g
4
2
8
− 9g
4
1
8
+
33g22g
2
1
20
)
+
305g62
32
− 3411g
6
1
4000
− 289g
4
2g
2
1
160
− 1677g
2
2g
4
1
800
]
+
1
(4pi)6
[
λ3(6011.35λ+ 873y2t − 387.452g22 − 77.490g21) + λ2y2t (1768.26y2t + 160.77g23
− 359.539g22 − 63.869g21) + λ2(−790.28g42 − 185.532g41 − 316.64g22g21)
+ λy4t (−223.382y2t − 662.866g23 − 5.470g22 − 21.015g21)
+ λy2t (356.968g
4
3 − 319.664g42 − 74.8599g41 + 15.1443g23g22 + 17.454g23g21 + 5.615g22g21)
+ λg42(−57.144g23 + 865.483g22 + 79.638g21) + λg41(−8.381g23 + 61.753g22 + 28.168g21)
+ y6t (−243.149y2t + 250.494g23 + 74.138g22 + 33.930g21)
+ y4t (−50.201g43 + 15.884g42 + 15.948g41 + 13.349g23g22 + 17.570g23g21 − 70.356g22g21)
+ y2t g
2
3(16.464g
4
2 + 1.016g
4
1 + 11.386g
2
2g
2
1) + y
2
t g
4
2(62.500g
2
2 + 13.041g
2
1)
+ y2t g
4
1(10.627g
2
2 + 11.117g
2
1) + g
2
3(7.536g
6
2 + 0.663g
6
1 + 1.507g
4
2g
2
1 + 1.105g
2
2g
4
1)
− 114.091g82 − 1.508g81 − 37.889g62g21 + 6.500g42g41 − 1.543g22g61
]
. (E.4)
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E.3 Higgs mass term
RGE for the Higgs mass term:
dm2h
d ln µ¯2
=
m2h
(4pi)2
[
6λ+ 3y2t + 3y
2
b + y
2
τ −
9g22
4
− 9g
2
1
20
]
+
m2h
(4pi)4
[
λ
(
−30λ− 36y2t − 36y2b − 12y2τ + 36g22 +
36g21
5
)
+ y2t
(
−27y
2
t
4
− 21y
2
b
2
+ 20g23 +
45g22
8
+
17g21
8
)
+ y2b
(
−27y
2
b
4
+ 20g23 +
45g22
8
+
5g21
8
)
+ y2τ
(
−9y
2
τ
4
+
15g22
8
+
15g21
8
)
− 145
32
g42 +
1671
800
g41 +
9g22g
2
1
16
]
+
m2h
(4pi)6
[
λ2
(
1026λ+
297y2t
2
− 192.822g22 − 38.564g21
)
+ λy2t (347.394y
2
t
+ 80.385g23 − 318.591g22 − 59.699g21)− λ(64.5145g42 + 65.8056g41 + 37.8231g22g21)
+ y4t (154.405y
2
t − 209.24g23 − 3.82928g22 − 7.50769g21)
+ y2t (178.484g
4
3 − 102.627g42 − 27.721g41 + 7.572g23g22 + 8.727g23g21 + 11.470g22g21)
− g42(28.572g23 − 301.724g22 − 9.931g21)− g41(4.191g23 − 9.778g22 − 8.378g21)
]
. (E.5)
E.4 Yukawa couplings
RGE for the top Yukawa coupling:
dy2t
d ln µ¯2
=
y2t
(4pi)2
[
9y2t
2
+
3y2b
2
+ y2τ − 8g23 −
9g22
4
− 17g
2
1
20
]
+
y2t
(4pi)4
[
y2t
(
−12y2t −
11y2b
4
− 9y
2
τ
4
− 12λ+ 36g23 +
225g22
16
+
393g21
80
)
+ y2b
(
−y
2
b
4
+
5y2τ
4
+ 4g23 +
99g22
16
+
7g21
80
)
+ y2τ
(
−9y
2
τ
4
+
15
8
g22 +
15
8
g21
)
+ 6λ2 − 108g43 −
23g42
4
+
1187g41
600
+ 9g23g
2
2 +
19
15
g23g
2
1 −
9
20
g22g
2
1
]
+
y2t
(4pi)6
[
y4t
(
58.6028y2t + 198λ− 157g23 −
1593g22
16
− 2437g
2
1
80
)
(E.6)
+ y2t
(
363.764g43 + 16.990g
4
2 − 24.422g41 + 48.370g23g22 + 18.074g23g21 + 34.829g22g21
)
+ λy2t
(
15λ
4
+ 16g23 −
135g22
2
− 127g
2
1
10
)
+ λ
(
−171g
4
2
16
− 1089g
4
1
400
+
117g22g
2
1
40
)
+ λ2
(−36λ+ 45g22 + 9g21)− 619.35g63 + 169.829g62 + 16.099g61 + 73.654g43g22
− 15.096g43g21 − 21.072g23g42 − 22.319g23g41 −
321
20
g23g
2
2g
2
1 − 4.743g42g21 − 4.442g22g41
]
.
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RGE for the bottom Yukawa coupling (up to two loops):
dy2b
d ln µ¯2
=
y2b
(4pi)2
[
3y2t
2
+
9y2b
2
+ y2τ − 8g23 −
9g22
4
− g
2
1
4
]
+
y2b
(4pi)4
[
y2t
(
−y
2
t
4
− 11y
2
b
4
+
5y2τ
4
+ 4g23 +
99g22
16
+
91g21
80
)
+ y2b
(
−12y2b −
9y2τ
4
− 12λ+ 36g23 +
225g22
16
+
237g21
80
)
+ y2τ
(
−9y
2
τ
4
+
15
8
g22 +
15
8
g21
)
+ 6λ2 − 108g43 −
23g42
4
− 127g
4
1
600
+ 9g23g
2
2 +
31
15
g23g
2
1 −
27
20
g22g
2
1
]
. (E.7)
RGE for the tau Yukawa coupling (up to two loops):
dy2τ
d ln µ¯2
=
y2τ
(4pi)2
[
3y2t + 3y
2
b +
5y2τ
2
− 9g
2
2
4
− 9g
2
1
4
]
+
y2τ
(4pi)4
[
6λ2 − 23g
4
2
4
+
1371g41
200
+
27
20
g22g
2
1
+ y2t
(
20g23 +
45g22
8
+
17g21
8
− 27y
2
t
4
+
3y2b
2
− 27y
2
τ
4
)
(E.8)
+ y2b
(
20g23 +
45g22
8
+
5g21
8
− 27y
2
b
4
− 27y
2
τ
4
)
+ y2τ
(
165
16
g22 +
537
80
g21 − 3y2τ − 12λ
)]
.
F SM effective potential at two loops
The Higgs effective potential including one-loop and two-loop corrections in Landau gauge
for h v is given by (10.9), where [264,48]
λeff(h) = e
4Γ(h)
[
λ(µ¯ = h) + λ
(1)
eff (µ¯ = h) + λ
(2)
eff (µ¯ = h)
]
. (F.1)
All running couplings are evaluated at µ¯ = h. Here, Γ(h) ≡ ∫ h
Mt
γ(µ¯)d ln µ¯, where the
Higgs field anomalous dimension is
γ =
1
(4pi)2
[
9
4
g22 +
9
20
g21 − 3y2t − 3y2b − y2τ
]
+
1
(4pi)4
[
y2t
(
−3y
2
b
2
− 17g
2
1
8
− 45g
2
2
8
− 20g23 +
27y2t
4
)
− y2τ
(
15g21
8
+
15g22
8
− 9y
2
τ
4
)
+ y2b
(
−5g
2
1
8
− 45g
2
2
8
− 20g23 +
27y2b
4
)
− 1293g
4
1
800
− 27
80
g22g
2
1 +
271g42
32
− 6λ2
]
+
1
(4pi)6
[
− 9g21λ2 − 45g22λ2 + 1.07g41λ+ 3.57g22g21λ+ 8.92g42λ
+ 14.99g41y
2
t + 14.13g
2
1y
4
t − 13.21g22g21y2t − 8.73g23g21y2t + 40.11g22y4t + 79.05g23y4t
+ 23.40g42y
2
t − 178.48g43y2t − 7.57g22g23y2t − 5.26g61 + 1.93g22g41 + 4.19g23g41
+ 1.81g42g
2
1 − 158.51g62 + 28.57g42g23 + 36λ3 +
135
2
λ2y2t − 45.00λy4t − 60.13y6t
]
. (F.2)
The one-loop correction is
λ
(1)
eff =
1
(4pi)2
[
3g42
8
(log
g22
4
− 5
6
+ 2Γ) +
3
16
(g22 + g
2
Y )
2(log
g22 + g
2
Y
4
− 5
6
+ 2Γ)
− 3y4t (log
y2t
2
− 3
2
+ 2Γ) + 3λ2(4 log λ− 6 + 3 log 3 + 8Γ)
]
. (F.3)
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The two-loop correction is
λ
(2)
eff =
1
(4pi)4
[
8g23y
4
t
(
3r2t − 8rt + 9
)
+
1
2
y6t
(−6rtrW − 3r2t + 48rt − 6rtW − 69− pi2)
+
3y2t g
4
2
16
(
8rW + 4rZ − 3r2t − 6rtrZ − 12rt + 12rtW + 15 + 2pi2
)
+
y2t g
4
Y
48
(
27r2t − 54rtrZ − 68rt − 28rZ + 189
)
+
y2t g
2
2g
2
Y
8
(9r2t − 18rtrZ + 4rt + 44rZ − 57)
+
g62
192
(36rtrZ+54r
2
t−414rW rZ+69r2W +1264rW +156r2Z+632rZ −144rtW − 2067+90pi2)
+
g42g
2
Y
192
(12rtrZ − 6r2t − 6rW (53rZ + 50) + 213r2W + 4rZ(57rZ − 91) + 817 + 46pi2)
+
g22g
4
Y
576
(132rtrZ − 66r2t + 306rW rZ − 153r2W − 36rW + 924r2Z − 4080rZ + 4359 + 218pi2)
+
g6Y
576
(6rZ(34rt + 3rW − 470)− 102r2t − 9r2W + 708r2Z + 2883 + 206pi2)
+
y4t
6
(
4g2Y (3r
2
t − 8rt + 9)− 9g22 (rt − rW + 1)
)
+
3
4
(
g62 − 3g42y2t + 4y6t
)
Li2
g22
2y2t
+
y2t
48
ξ(
g22 + g
2
Y
2y2t
)
(
9g42 − 6g22g2Y + 17g4Y + 2y2t
(
7g2Y − 73g22 +
64g42
g2Y + g
2
2
))
+
g22
64
ξ(
g22 + g
2
Y
g22
)
(
18g22g
2
Y + g
4
Y − 51g42 −
48g62
g2Y + g
2
2
)]
. (F.4)
Here we have given λ
(2)
eff in the approximation λ = 0, which is well justified around the
instability region. The full expression of λ
(2)
eff can be found in ref. [48]. Moreover, we have
defined
ξ(z) ≡
√
z2 − 4z
[
2 log2
(z −√z2 − 4z
2z
)
− log2 z − 4Li2
(z −√z2 − 4z
2z
)
+
pi2
3
]
, (F.5)
where Li2 is the dilogarithm function, and
rW = log
g22
4
+ 2Γ , rZ = log
g22 + g
2
Y
4
+ 2Γ , rt = log
y2t
2
+ 2Γ , (F.6)
rtW = (rt − rW )
[
log
(
y2t
2
− g
2
2
4
)
+ 2Γ
]
. (F.7)
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